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La mise en contact gaz-solide dans les lits fluidisés c i rdants  offre 
intéressantes ses utilisations industrielles ont connu un grand essor ces 
Cependant, les connaissances relatives h I'hydrodynemique ainsi qu'à 
des perspectives 
dernières années. 
fa conduite des 
opérations sont aicore bien souvent incomplètes. Ceci constitue un handicap sériaac B la 
modélisation, a I'optimisation et au design de ces réacteurs. La compréhension de 
l'hydrodynamique est importante car elle limite le développement de procédés 
économiquememt viables. 
L'objectif générai de cette étude vise a arnbliorer la compréhension de l'écoulement dans 
les lits fluidisés circulants. Dans un premier temps, un modèle hydrodynamique pmettant 
de prédire les caractéristiques macroscopiques moyennes est proposé. Il s'agit d'un modèle 
complètement empirique qui, à partir des propriétés des particules (p, 4) et du diamètre 
du lit, prédit le profil axial de densité, le profil radial de porosité, le profil radial de vitesse 
du gaz a des solides et le profil de flux massique. 
Les données ayant servi a la validation du modèle proviennent de mesures effectuées dans 
deux lits fluidisés circulants utilisant deux types de par t ides  (sable et FCC muid 
Cataiytic Cracking)). Le modèle prédit de façon raisonnable les résultats expérimentaux et 
explique bien les effets radiaux. Il semble mieux adapté dans le cas oll ce sont des 
partiailes de sable que dans le cas oll les particules sont de type FCC. 
Le second volet de cette étude analyse de manière plus locale la structure de l'écoulement. 
Cette étude se veut un raffinement par rapport au modèle hydrodynamique ci-haut 
mentionné. II s'agit d'une étude à plus petite échelle ou l'intérêt se porte sur les 
mouvements d'une particule traçante et plus précisément sur ses fluctuations de vitesse. 
L'utilisation d'un outil i ~ o v a t e u r  pour investiguer le mouvement des particules dans le lit 
fiuidisé circulant confee aw nouvelles données ocpérimentaies leur originalité. C a  outil 
consiste en une technique non-intrusive permettant de mesurer la position instantanée 
d'une pariide traçante. En ef f i  la technique de p o d e  d'une pa r t ide  radioactive 
s'est montrée yx~ outil efficace pour décrire le comportement des solides à l'intérieur du lit. 
La position instantanée est déterminée à partir des comptages obtenus à l'aide de 
détectaus radio& à scintillation. Les détecteurs sont placés à l'extérieur du lit a 
l'entourent en partie. 
L'application de cette technique à un lit circulant est un défi en soi. La problématique de 
l'application de cette technique est liée a la résolution spatiale. La technique est 
entièrement tridimensionnelie et permet de déterminer la position x, y et z de la particule 
radioactive avec une certaine incertitude. L'incertitude sur les coordonnées ( ~ y . 2 )  est liée 
a la nature de la source radioactive (activité et énergie des rayons y), à la disposition 
géométrique et au nombre de détecteurs. 
Les travawc utilisant la technique de poursuite d'une partide radioactive sont décrits par 
trois articles: 
Le p d e r  article Mse à déterminer le meilleur radio-isotope permettant d'améliorer la 
résolution spatiale. À cette fin, trois radio-isotopes émettant des rayons y d'énergies 
différentes ont été étudiés (%do (140 keV), '"AU (412 keV), "SC (1 005 keV)). Les 
résuitats ont permis de démontrer que l'or ('%AU) est le meilleur radio-isotope. En effet, 
l'or permet d'obtenir des comptages plus élevés. Les résultats de cette étape ont été 
publiés dans le "International Journai of Applied Radiation and Isotopes". Cet article 
évalue égaiement le potentiel d'un réseau neuronal pour déterminer directement les 
coordonnées du traceur radioactif à partir des comptages des détesteun. Ce réseau 
détermine, en un temps infirieur à la période d'échantillonnage, les coordonnées x, y et z 
a permet la visualisation de 1'Ccoul- ai temps réel. Cette possibilité peut être 
fechefchée dans de nouvelles applications de la technique. 
Un second article montre un essai dynamique de la technique dam un lit tiuidisé cllculant h 
l'aide de huit dttectain radioactifs. À notre w11118iSS8nce7 il s'agit de la première étude 
décrivant la trajectoire tridimensio~ae dime partide doas un Kt Buidisé Cknilant. 
s'agit @lement des premières do~Ces  obtenues avec '*AU 8 une f i h u e ~ x  
d'échantiilonnage de 100 Hz. Ces résultats préiiminaires ont été publiés dans le recueil 
d'articles du Se congrès sur les Iits fluidisés cirdants. Les résultats montrem quP est 
possible de déterminer la position instantanée de la particule radioactive. Toutefois, la 
résolution spatiale dans Ie plan q y  n'est pas sufnsante pour une analyse ditaillée des 
fluctuations de vitesse. Afin d'améliorer la résolution spatiale, il h t  donc augmenter le 
nombre de détecteurs. 
Le dernier article décrit le comportement des solides dans le lit fluidisé cimilant pour 
diverses conditions opératoires. Le système de détection utilise seize détecteurs et permet 
la détermination de la position de la partide cent fois par seconde. La résolution spatiale, 
définie comme b t  l'écart type sur la coordonnée, est en moyenne de 3.5 mm dans la 
direction x et y et de 4.3 mm dans la direction z. A l'aide de l'ensemble des informations 
sur la position instantanée d'une @ d e  traçante, le profil de vitesse des particules peut 
être détenniné. Les essais ont permis de quantifier de façon détaillée l'effet du taux de 
ciradation des solides sur le profii de vitesse des solides. Il appert que la vitesse diminue 
avec une augmentation du tawc de circulation des solides. Ceci est dû à la formation 
d'agrégats. Les agrégats formés sont évidemment plus volumineux qu'une particule seule 
a ont des vitesses terminales plus grandes. On observe également que la région prés de la 
paroi, où la vitesse est négative, s'élargit avec l'augmentation du taux de ciradation des 
solides. 
Les mêmes données expérimentales permettent, de plus, une anaiyse des flucaiations de 
vitesse pour dCaire la turbulence. Il s'agit Y d'une part de I'originalit6 de la recherche. 
Cette analyse perme entre autres, la d& emunation des profils de vitesse nns (mot mean 
square), de fonction d'autocorrelation, du d c i e m t  de dispersion aiciale a du 
coefficient d'anisotropie. Les profds de vitesse rms montrait que les fluctuations de 
vitesse d e  diminuent légèrement du centre du lit vas In paroi et diminuent avec 
l'augmentation du taux de citadation des solides. L ' d y s e  des f l u d o n s  de vitesse a 
également pennis de ddmontrer que l'écoulement n'est pas isotrope et que le coefficient de 
dispersion axiale des solides diminue avec l'augmentation du taux de circulation des 
solides. 
Wsolids ~irkulating Fiuidized Beds (CFBs) offer good oprational perspectives and their 
use have constantly pro@ over the past yean. However, the hydrodynamic and 
operaiional characterktics of CFBs arc not known accurateiy. This hsmper modeiing, 
optuiiization and design of cirailating fluidized bed reactors. The understanding of the 
hydrodynamic is important and limits the deveiopment of new economicai processes. 
ïhe main objective of this work is to improve the knowledge of rnixing behavior in CFB. 
A &lly predictive mode1 for macroscopic hydrodynamic in CFB is proposeci: the radial 
profiles of gas and particle velocities, solids concentration, solids mess flux and axiai 
pressure drop are predicted. The model is validated with qerimental data from CFBs 
opaated with both sand and FCC. The model predictions are in good agreement with 
experhental data over a wide range of operating conditions ocaimng in catdytic cracking 
risers and combustion risen. 
The second part of this study outlines an investigation of the local flow structure in a CFB. 
The use of a radioactive particle tracking technique provides original non-intrusive data. 
The technique is a very powerfùl tool for investigating the motion of solids. The 
instantaneous position of a radioactive particle is determined with the help of scintillation 
detectors surrounding the reactor. The technique allows a mesoscale anaiysis and is a 
refhement over the model (macroscopic) discussed above. 
Applying the radioactive particle tracking technique to a CFB is challenging. A good 
spatial resolution is n d e d .  The spatiai resolution is a fùnction of the source (activity, y- 
ray energy), and the location and number of detectors. These effects need to be 
undastood and optimized. The work donc using the radioactive partide tracking 
technique is described through thne articles: 
The 6rst article ainu to daennine the best radioisotope to irnprove the spatial resolution. 
T h e  radioisotopes have been studied (?Mo (140 kev), '=Au (412 kev), "SC (1005 
keV)) emitthg y-rays of different aiergies. The best radioisotope is gold ('-AU) which 
dows higber count rate. The work done lesding to this condusion has ban published in 
the International J o u d  of Applied Radiation and Isotopes. The potentiai of n w a l  
networks for on-line and rd-time visualkation of particle movements is also illustrateci in 
the article. This advantage could be appreciated in fiiture application of the technique. 
The second article danonstrates the dynamic application of the technique in a circulating 
fluidized bed using eight detecton. As far as we how, the measurernent of the three- 
dimmsiod instantaneous position of a single particle has not been investigated before in a 
. The r d t s  were published in the proceedings of the 5* International Conference on 
Cuculating Fluidized Beds. The technique has proven valuable in the measurement of 
velocity profile. The results were encouwg but the spatial resolution need to be 
improved. It suggests uiat nirther in-depth studies should be done using sixteen detecton. 
The third article describes the movements of solids in a cirdating fluidized bed under 
Werent operating conditions. The tracking system uses a battery of sixteen scintillation 
detecton and pemits accurate detennination of the particle position. The spatial 
resolution, defined as the standard deviation of the coordinate, is 3.5 mm in the radial 
direction and 4.3 mm in the anal diuection. The knowledge of t!!!!e instantaneous position 
aiables the detennination of the instantaneous and mean velocity. Cornparison of dierent 
axial velocity profiles shows that the velocity across the whole -ions decreases with an 
increase in solide circulation rate. This is explainesi by the presence of clusters which 
contriites to an increase in the slip velocities as the soiids circulation rate increases. Wall 
velocitia were found to be negative and decreasing with an increase in solids circulation. 
The technique also allows an analysis of the particle fluctuating velocities to detemine the 
turbulent rnixing characteristics of the flow in a riser. This analysis enables the 
detemination of the mot mean square velocities, autocorrelation hction, dispersion 
d c i m t  and anisotropy coefficient. The analysis of the root mean square velocities 
shows that the fiow is not isotropie and that the anal dispersion coefficient decreases with 
an increase in solids circulation rate. 
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AVANT-PROPOS 
Depiis 1992, l h l e  PoIytechnique a Umochiit h possibilitd de présenter la thèse par 
regroupement d'articles. Les articles doivent avoir été soumis pour publication dans des 
revues avec cornu de lecture reconnues dans la discipline. Le jury du travail ne doit pas 
être lid en aucun cas par les evaluations des articles par les comités de lecture ayant 
procédés B l'anslyse pour publication XI est souhaitable qu'au moins un des articles utilisés 
ait été accepth pour s'assurer du sérieux et de la valeur de i'exercice de rédaction. 
La présentation d'une thèse par articles constitue une solution de remplacement i la 
présentation traditionnelie dûne th& de doctorat. La f o d e  choisie est d e  des articles 
intégrés dans le corps du travail. Chacun des articles utilisés constitue un chapitre du 
travail et comprend les liens appropriés. Le corps de la thèse comprend quatre articles 
scientingues et les annexes en comportent dewc autres. 
INTRODUmON 
L'étude de l'hydrodynamique, de I'opémtion, du design et de l'optimisation des lits 
fluidisés continue depuis maintenant plusiairs dizaines d'mées. L'accent mis sur catains 
régimes d'opération (biphasique à bulles, turbulent, fluidisation rapide, triphasique, etc.) 
change de décade en décade mais les lits fluidisés demeurent toujours une solution 
moderne dans les procédés à grande échelle où il y a contact entre un ou des fluides et des 
particules. 
Le développement des réacteurs gaz-solides est particulièrement important pour plusinin 
industries. C'est notamment le cas en pétrochimie et en métatupie (craquage cataiytique. 
synthèse Fisher-Tropsch, calcination de I'alumine, réduction de minerais de fer, etc.), pour 
la combustion (charbon et déchets) et potentiellement pour plusieurs réactions 
catalytiques. 
Parmi ces réacteurs gaz-solides, le lit fiuidisé circulant est avantageux par sa vitesse de gaz 
élevée a son bon contact particules-gaz. Un lit fluidisé cirailant (LX) est un lit dans 
lequel la vitesse superficielle de gaz est grande (2-8 mis), ce qui crée un lit très expansé 
avec beaucoup d'emportement de solides. Par conséquent, le maintien d'une opération en 
continu nécessite de recircu1er les partides. Les partides entraînées par le courant 
gazeux à la sortie du lit sont généralement séparées à l'aide de cyclones. Les attraits des 
lit fluidisis circulants les plus souvent cités sont : 
-flexibilité opératoire. Le taux de ciradation de solides est indépendant de la 
vitesse de gaz. Cette caractéristique est importante pour adapter la production à 
un changement de capacité, de qualité d'alimentation du gaz ou des 
caractéristiques des solides. 
-bon contact gaz-particules a faible temps de résidence (typiquement infQieur a 
10 s). Les lits fluidisés circulants sont de bons réacteun pour les réactions rapides. 
ucelientes caractéristiques de transfert de chaleur et du transférr de messe. La 
tempalture est i toute fin pratique constante cians tout le lit. 
-possibilitb d'alimentation b g é e  du gaz a des partides. 
-taux de réaction élevé (permet des volumes de réacteurs plus petits). 
De plus, la zone de réaction a la zone de recirculation des solides peuvent être à des 
conditions de tempaature a de pression différentes. Les avantages ci-haut mentiornés 
font en sorte que les lits fluidisés cirailants sont particuliàement intéressants dans le cas 
où: 
a) les réactions requièrent un fiiible temps de contact par exemple dans le cas ou un 
produit intermédiaire est le produit désiré. 
b) le catalyseur se désactive rapidement et où il peut être régénéré dans la zone de 
recirculation. Il est facile d'ajouter et d'enlever du catalyseur. 
c) les réactions requièrent un ajout ou un ailèvement considérable de chaiair et où le 
dide joue le rôle de transporteur de chaleur. 
d) les réactions gaz-solides où un bon contact gaz-particules est essentiel. 
e) ltalllnensation au réacteur et la demande des produits de la réaction changent, étant 
donné la flexî'bilite opératoire. 
L'objectif générai de cette ttude est de c a r a c t h  lliydrodynamique des lits Buidisk 
cirailants. L'atteinte de cet objedifnCcesste l'investigation de deux aspects importants 
de l'hydrodynamique des lits fluidisds Qrailams: h modéiisation macroscopique de 
l'écoulement et la mesure de la structure locale de I'Çcoulement. L'étude se trouve ainsi 
divisée en deux grandes parties. 
Dans un premier temps, un modèle hydrodynamique complètement prédictif est présenté 
pour modéliser de hçon macroscopique l'écoulement. LAS modèles hydrodynamiques sont 
utiles pour caractériser i'écoulernent du gaz et des part ides  a pour optimiser, contrôler a 
mettre à l'échelle les lits fiuidiséa circulants. L'hydrodynamique aftécte la pafonnance du 
réacteur car eue est intimement liée à la conversion, à la séleaivité et au transfert de 
chaleur à l'intérieur du réacteur. Les objectifs spécifiques du modèle hydrodynamique sont 
de prédire les valeurs moyennes du: 
- profil axiai de densité 
- profil radial de porosité 
- profil radial de vitesse du gaz 
- profil radial de vitesse du gaz 
- profil radial de flux massique. 
La co<ulaissance de ces variables hydrodyhamiques est importante mais ne présente pas 
toute l'information et n'offre pas le niveau de confiance requis pour fhire le design d'un 
nouveau lit. Par exemple, le modèle prédit qu'un film concentré de partiailes ayant une 
vitesse moyenne négative est présent près de la paroi. Le temps que la par t ide  passe 
dans ce film n'est pas p f i t  par le modèle, pas plus que les fluctuations de vitesse. Ces 
caractéristiques af!fbctent le transfert de chaleur entre le lit et ta paroi, de même que la 
distriition de temps de sejour des partides et par coasbquent, les réactions en jeu 
(conversions et ddvités) .  
Pour as motifk, l'abject3 de la seconde partie de cette étude est de caractériser Ia 
structure hydrodyhunque Iode des particula. Les donnh sont recueillies a l'aide de la 
technique de poursuite d'une partide radioactive. k paramètrt principalement étudié est 
l'a du taux de citculation des solides sur le mouvement d'une partide traçante. Il est 
cependant necespaire d'évaluer au préaiable 9 l'outil que représente la technique de 
poursuite d'une partinile radioactive est applicable pour l'étude de la structure locale de 
l'écoulanait des particules dans un lit Buidisé circulant. Ceci constitue donc le danier 
o b j e  qui est trait6 dans deux articles présentés nspectivement aux chapitres 2 et 3. 
Enfin, le chapitre 4 présente et discute des résuttats obtenus SOUS différentes conditions 
ophtoires, qui se veut une réponse à l'objectifde privilégier une approche locale. 
secad entre phu dans les derails et s ' h h s c  cLk rsuctrire I d e  & l'écwlanait 
ÇmeSOSC181ew). 
Au niveau de la modélisation macroscopique de P é c o u l ~  il existe différents modèles 
hydrodynamiques, qui ont été regtoupés en trois grandes catégories selon Hams et Davidson 
(1994). Les modéles de la première catégorie (type T) prédisent seulement la variation d e  de 
la mItcenfration moyenne des dides. Les modèles de le seconde aitégorie (type II) 
approxhent les disbi'butions radiaies de la cowntration et de la vitesse moyenne des daot 
phases en divisant l'écoulement en deux ou plusians régions (exemple : modèle de type amsr- 
anneau). Enfin l a  modèies de la dernière catkgorie (type III) sont basés sur les lois 
m e s  de la mécanique des fluides et font intervenir des termes de turbulence 
pamararit entre autres de déaire les fluctuations de vitesse. Les avantages des modèles de 
type XiI sont évidents : habileté d'adaptation à des géométries mvelies, facilité de couplage 
anc des réadions chimiques, possiibilitt de traiter i'alimadation étagée, etc. Par contre, la 
natue même des équations constitutives est controversée et le problème de résolution 
numériqueadetaille. Pourcesraisons,lcsdè1esdetypeIetITrestaittouj0~lt~lesplus 
fréquemmari utilisésutilisés Le modèle hydrodynaniique proposé est de type ?-II selon la 
catégorisation de Hams a Davidson (1994). Ii se distingue des autres modèies par 
l'introduction de pmfi continus de la vitesse du gaz et des partides. L'approche ta plu  
répandue consisîe a a p p r o h  la radiale par une structure amr-anmau. 
T m o i s ,  cette approximation semble trop simplifiée a ne représente pas bien la stmchirr 
M i e  de I'ecouiement. 
En œ qui concerne l'aspect Caide de la structure locale, il a éîC exploré l'aide d'me 
rnethodoIogie particulière et originaie, la technique de poursuite d'une partide 
radioactive. Cette technique, déveioppée au ddparteneat de génie chimique de l'École 
Poiytechnique par Larachi et COU. (1994). est toute indiquée pour étudier localement le 
mouvement des solides. Par contre, la résolution spatiaie avec iaqueiie la position de la 
partide traçante est détaminée doit être améliorée et constitue le problème majeur à 
l'utiüsation de cette technique. Cette technique constitue un outil efficace pour déterminer 
le champ moyen et les fluctuations de vitesse et peut être utilisée pour l'investigation de la 
structure locale de l'écoulement. Eue présente, notamment, l'avantage d'être 
tridimensionnelie a non-intnisive et ne perturbe ainsi aucunement l'écoulement. 
CHAPITRE 1 
1.1 Sommaire 
Dans la dernière 
ARTICLE DE MODÉLISATION DE LWOULEMENT 
décennie, plusieurs modèles hydrodynamiques ont vu le jour. Pour 
plusieurs d'entre eux, I*r modèles ont été développés dans le but d'exprimer les résultats 
expérimentaux des auteurs. La plupart du temps, la gamme de conditions opératoires est 
feSfreinte et la comparaison est limitCt A une géoméûie et un type de partiailes donnés. 
Le besoin de déterminer la validité des différents modèles hydrodynamiques a été reconnu 
au congrès international sur la fluidisation en Australie (1992). Un défi a été lancé à toute 
la communauté scientifique pour prédire de nouvelles mesures hydrodynamiques à partir 
de la connaissance des conditions opiratoires, de la géométrie des lits fluidisés circulants et 
des propriétés des particules. Les données expérimentales ont été générées en utilisant 
deux types de particules et trois lits fluidisés circulants. 
Les auteurs intéressés à relever le défi étaient invités à soumettre les courbes prédisants les 
résultats mesurés. La comparaison entre les domées expérimentales et les valeun prédites 
par les modèles fut dévoilée au congrès suivant sur la fiuidisation (France, 1995). Dix 
groupes de recherche ont participé à l'exercice et notre groupe, Godfioy, Patience et 
Chaouki, s'est bien démarqué. Suite à ce succès, nous avons décidé de publier un article 
sur la modélisation de l'hydrodynamique dans les lits fluidisés cirailants. Cet article est 
présenté à la section suivante. Il a été soumis pour publication dans le journal: "Industrial 
& Engineering Chemistry Research" au début du mois de décembre 1996. 
L'avantage de ce modèle par rapport aux modèles déjà existants est qu'il incorpore un 
pronl radial continu de la vitesse du gaz a des solides. Il s'agit d'un modèle complètement 
prédictif permettant de décrire: le profil de vitesse auale du gaz et des particules, la 
concentration I o d e  des solides, le flux massique local a enfin la perte de charge axiale. 
A partir de la M e  a de la densitb des partides, du diamètre du lit, de ia vitesse du gaq 
du taux de circulation des solides et dbne cordation existanîe sur le b e u r  de glissement 
entre le gaz et les partides, le modèle prédit d'abord k concentration moyenne des solides 
dans la mm où ltécouiernent est développé. Lc modèie utiiise don une approche remi- 
anpinque basée sur un bilan de force sur une partide pour prCdire le profil axial de 
concentration des solides dans la zone d'accéiération au bas du lit. Afin de déterminer le 
profil radiai de concaiaation des soiides, le modèle suppose une forme d l ~ ~ l e n s i o ~ e l l e  
qui est uniquement fonction du rayon. Les expressions des profils de vitesse du gaz et des 
particules sont déterminées à l'aide de bilans de masse. Les profils de vitesse du gaz a dos 
solides suivent un profil exponentiel ayant la même forme. La vitesse du gaz est nulle à la 
paroi alors qu'elle est ntgative pour les partiales. 
1.2 Teste de Fartide 
Radial Hydrodynarnics in Risers 
soumis au Industrial & Engineering Chemistry Research Joumal 
en décembre 1996 
Larin Godf?oY1, Gregory S. patiaia? and Jamd chaouki1 
Department of Chemicai Engineering, École Polytechnique de Montré92 C.P. 6079, 
Succ. Centre-ville, Montra, Québec, Canada W C  3A7 
E.I. du Pom de Nemours & Co., Wdmington, DE, U.S.A. 19880-0262 
1.2.1 Absîract 
A fidly predictive mode1 for the hydrodynamics of Qrailating fluidiied beds is proposed: 
the d a 1  pronles of gas and particle velocity, solids concentration, solids mess flux and 
axiaI pressure drop are predicted. Starting fkom the knowledge of powder size, particle 
density, riser diameter, gas velocity and solids circulation rates, the model combines an 
existing slip fmor correlation to detennine the cross-sectiondy average void fiaction and 
pressure drop in the Mly  developed flow region. It uses a serni empirical approach based 
on a momentum balance to dehe the density profile in the acceleration region. The 
variation of voidage with the radius is assumed to be a unique finction of radial distance 
when nonnalized. Both gas and velocity profile follow a power law type expression with 
zero gas velocity and negative particle velocity at the wd. The model predictions are in 
rrasonably good agreement with experimental data over a wide range of operating 
conditions occurring in catalytic cracking risers and combustion risers. 
1.2.2 Introduction 
Cirdating Fiuid Bed (Cm) hydrodynamic models are usefiil for understanding gas-solid 
mixing, de-up ,  plant optimization and wntrol. Hydrodynamics impact reactor 
performance, conversion, selectivity and heat transfer. Furthemore, CFB r i s a  operating 
conditions &kct the efficiency of downstream equiprnent such as cyclones, filters, 
standpipets, etc. Hydrodywnic modehg is usefiil for understanding and optimizing plant 
conditions but tbcy do not offa the levd of c o d i d a ~ ~ ~  required to design, a priori, a new 
commercial plant. Rather, new commercial fkilities are designed basexi on extensive 
pilothg and wnsewaîivc extrapolations of piiot p h t  basic data Pilot plants, at a 
dcient ly  large d e ,  minimize risk of projecting performance to cornmerciai scale and 
provide the means with which to test aitemative designs rapidly and econornidy. Three 
examples of thU approach Uielude the NUCLA power generation fàciüty (Reh 1995), 
Mobil's short contact time catatytic cracka (Avidan et al. lm), and DuPont's butam to 
maleic anhydride p m  (Contractor et aL 1994). 
In the last decade, significant advances have been made in experimental measurements of 
riser hydrodynamics and a number of models have emerged to characterize these data. 
However, most models are developed based on a Limited data set and their extrapolation to 
conditions outside the range is not well doaunented. For this reeson J. Chen proposed 
that a "Benchmark Modeüng Exercise" be prepared to compare model predictions against 
unpublished experimental data thet cover a wide range of operating conditions. T. 
Knowhon prepared the exercise and invited modelas to predict axial pressure &op, radial 
void M o n  and mass flw in two different risers. He disclosed the CFB geometry, 
particle characteristic and operating conditions. Eleven teams accepteci this challenge and 
T. Knowlton, D. Gelciart and J. Matsen presented the results of the exercise at the 1995 
International Conference on Fiuidition in France. 
ui this paper, we disaiss the Benchmark Modeling data base and describe in detail the 
model proposed by Chaouki, Godfroy and Patience. We ais0 summarize the approaches 
different modelen have adopted to predict nser hydrodynamics. Throughout this 
discussion, we highiight some ciiffialties in measuring eqerirnental data and the strengths 
and weaknesses of the model. 
1.2.3 Design Considerations 
Opaational flexibility is of particu1ar importance in many CFB applications. In both 
combustion .ad fluid cataîytic craclong, operators ofhm requirc the abiüty to btat a 
variety of fimistocks Fiexriity is an advantage of CFB technology but, at the design 
stage, this flexibiiity ofien translates into u n d t y .  The largest uncertainty relates to 
prrdictiw the soli& vohunetric W o n  - soiids hold-up or inventory - as a nuiction of 
geometq and opaatllig cunditions. Hold-up increases with soüds circulation rate and 
deaeases with gas veloaty. The solids hold-up does not only affect nser pressure drop 
but it may dso affect reactor pedormance: fur arample, in FCC wllts, higher solids 
hold-up nsulting fiom inmashg the ciradation rate may alter the ternperaaire profile and, 
thus, the hydrocarbon product distribution. 
Designing 6 x 4  bed tubular ru iaon and fluid beds is less wmplicated than CFB design 
because soiids inventory is independent of operating conditions. The relation between 
geometry, design parameters and operathg variables are dflerent with a CFB. The 
geometiy of a fked bed is set to minimize pressure &op and maximize heat transfer. h a 
CFB, mpaficial gas velocity, solids circulation rate and reactor geometry affect solids 
hold-up, which detennine specific reaction rates. Figure 1.1 shows a design flow diagnun 
to determine the geometry and operating conditions of a CFB. Generally, we requue a 
catain production rate (Q) and sa conversion 0[) and sdectivity (S) to meet economic 
objectives. These parameters, cou pled with reaction kinetics, determine solids inventory 
(W). As with 3 k e d  beâ, kinetic considerations may fonn the basis for the gas flow rate 
(Q) and d y s t  invatory (W) in a CFB. With these two parameters, we first pick a 
diameter @) and caldate a gas velocity (Ua, which shodd be sufficiently low ta avoid 
excessive solids attrition (typicaliy <30 d s ) .  Gas velocity (Ud together with salids mass 
flux (GJ determine the suspension density, tiom whkh the height (H) is detemiined to 
satisfy solids inventory requirements. The riser height must be sufficiently large such that 
its pressure drop ( AP ,) is les than that across the recycle loop ( AP ) o t h d s e  
soli& wül circulate et rates lower than design. In the case of low circulation mte~, sotids 
Uiventory in the recycle loop becornes prohiiitive1y high a d  this CM negatively impact 
o v d  economics: so, the ratio of Na soli& to d d s  in the recycle loop should be 
Independent parametas bat impact riser hydrodynamia include geometry - entrance and 
exit configuration as weU as bed diameter - gas velocity, ckdation rate and particle 
characteristics. These parameters fom the basis of hydrodymmic models and are used to 
predict the overall riser pressure drop, and radial density and velocity profile. 
1.2.4 Revitw of M d d s  
S e v d  modehg efforts employing very difEerent mathematical formuIations have 
appeared in the recait iiteraîure to predict the relationship between soüds hold-up, 
operating conditions and riser geometry. Harris and Davidson (1994) classified the models 
into three broad categories: (I) those that predict the axial solids suspension density 
profile, but not the radial profile, @) those that predict the radial profile by assumlng two 
or more regions, such as wre-mulus or clustering annujar flow models, (III) those that 
employ the hdamental equations of fluid dynamics to predict two phase gag-solid flow. 
Type DI models, because of their generality, are suitable for predicting the effkcts of 
cornplex geometry (Harris and Davidson (1994)). However, the constituent equations for 
two-phase gas-solid flow is not well developed and the numencal complexity often 
discourages their use. Proponents of the type 1 and II models cite ease of understanding 
and usage dong with generally very good agreement with arperimental data as the main 
advantages. Howewer, detractors argue that the assumptions of the flow structure 
associated with such mode1 oversirnplify the cornplex flow pattem. One important 
consideration in selecting a modeüng approach is its intended application: type 1 and II 
models may best be ernployed as a design tools to hvestigate the e f f i s  of operating 
conditions and riser dimensions on the riser flow structure as weli as wntrol models. In 
addition, they rnay be eady coupled with reaction kinetic models to simulate the 
perfoi133811ce of CFB reactors (Pugsley et aL (1992), Patience and Miils (1994). Bolkan- 
Kamy et ai. (1994)). Type III modelq on the other band, are welî suited to investigate the 
r i s a  locai flow structure and the impact of geometry, such as corner effects in CFB 
cornbustors, or a unique inlet configuration such a those studied by Pita and Sundaretmn 
(1993). They d d  dao be usefd for control devdopment and tcsting. However, thy 
rnight be o v e  cornplex to use M y  in control aigorithms. The mec classes of models 
descriibed may M e r  be characterized by the maihematid approach taken. This 
charactesidon is obvious for type III models in which a system of equations contains the 
continuity, momentum, and pseudo- thd  energy balances, and constitutive relations are 
solved. However, types 1 and II may involve the use of mla t ions  based on expaimental 
data, referred to as the "lumped approach" or a combination of carrelations and 
hdmental  relationships. The equations found in the three categories are found in an 
extended review of CFB hydrodynamics (Berruti et oL (1995)) (Annexe I). 
1-15 CFB Workshop 
Over the past several years signifiant advances have been made in both the experimental 
measurements of riser hydrodynamics and characterization. To highlight ment advances 
and define fllture directions a Benchmark Modeling was proposeci in the 1992 
htematiohal Conference on Fiuidi ion in ~ustrali8. The geometry of the units dong wkh 
the operating conditions and particle characteristics of the solids would be made available 
to the nsearch community with an invitation to predict the hydrodynatnics. Cornparison 
between mode1 predictions and experimental data were disclosed at the 1995 International 
Conference on Fluidization in France. Authon only sent their prediction graphically 
One riser was 14.2 m ta11 and 0.2 m in diameter and the other was 9 m tall and 0.4 m in 
diameter. Both risen were equipped with round smooth elbows at the top and solids were 
fed at the bottom through L-valves. Sand and FCC were the test solids and air was the 
fluidizing medium. Data were coUected over a wide range of conditions - 2.4 < U, < 11 
d s  ; 15 < G. < 800 kg/m2s as summarized in Table 1. This idonnation was given to the 
modelas in Januuy 1995 with the challenge to predict d pressure profiles, dais 
soli& mass fiux profiles, and radial solids density profiles. T a  nsearch groups; Bemard; 
Sun- Anstoopour anâ Kim; Gidaspow and Sun; J o h n ;  Chaouki, Godfioy and 
Patiara; Pu- and B d ;  Rhodes and W q  OBrien and Syemlal; and Chen 
participated in the &se. CompaWon between predictions and the arpallnental data 
were preaented by KnowIton, Matsen and Gddart. At Fiuiditation VIIï in France, the 
fesults were announced at a s p d  CFB hydrodynamics workshop: two plots wae shown 
for each participating group - one which represent good agreement berween experimentai 
data and m d  predictions and the 0th- in which the agreement was considered poor. 
Most of the groups did not attempt to model ail the test conditions, nonetheless the 
exercise provided a good perspective of the state-of-theart in CFB modeiing. Only type 
11 and type III modelers participated. Conclusions drawn fkom the exercise are as foilows: 
(a) no single mode1 adequately predicted al1 the conditions and trends in data; @) type III 
models did not show as good agreement with data as did type II models; (c) some models 
are good over a limiteci range of conditions; (d) most models failed to properiy represent 
radid density and solids mas flux profle of FCC cataiyst at the highest mass flux; (e) no 
d e l  adequately predicted the increase in suspaision density at the top of the ri=, ( f )  
Beznard's mode1 predicted FCC data quite well; (g) the models of Chao& m o y  and 
Patience; and; Pugsley and Berruti provided the best o v W  agreement with the 
acperimental data; and; (h) the best type III model was presented by Gidaspow and Sun 
that matched some signincant trends in the radial mas 0w profiles. 
During subsequent discussion, the neassity of including additional criteria in the 
assessrnent of the dEermt models was pointeci out. One of the most crucial requirernents 
is user-fiiendliness and speed in generating results. The benchmark modeling test provided 
a fair representation of the accuracy and applicabüity of present hydrodynamic models and 
it Uidicated some direction for hure developments. 
1.2.6 Hydrodynamic Modd 
The modd -es that soli& are entrained at high veiocities in the centrai region of the 
nser ad descend near the d. Most acperimental âata show strong radial velocity and 
soli& volume M o n  gradients at the waii. To diaradaize this phaiornena, we 
approximate the radial profiles of particle velocity and suspensions dmsity with wntinuow 
huictions. The input panuneters an: the superficial p velocity (w, the solids circulation 
rate (Gi), the riser diameter @) and the particies density and diameter. 
The rnodd predicts: 
1- axial density profle 
2- radial void fiaction 
3- radid gas velocity profle 
4- radial particle velocity profile 
5- radial sotids mass flux profile 
Predicting the hydrodynamic properties of a CFB riser is difficult. Controversial data 
arise in the open literature and trends of different effects (U, G, D, p, 4) are not always 
clear. As an example, the effe* of diameter on the mean void M o n  for constant gas 
velocity and solids mass flux is not clear. Avidan's (1980) experiments in a 7.6 and 1 5.2 
cm FCC CFB showed that the mean void fiaction is  higher in the 15.2 an diarneter column 
wmpared in the 7.6. He reported density in the fûliy developed region of 39 and 20 
kg/m3 respectively in the 7.6 and 15.2 cm diameter riser at superficial velocity of 4 m l s  
and soli& circulation rate of 60 kg/m2s. 
kP shown in table 1.2, Avidan reported lower density in the larger column at the same 
operating conditions: 39 kg/m3 in a 7.6 cm wlumn versus 20 kg/& in a 15.2 cm diameter 
column. These treads are also reported by Rhodes et al. (1992a). niey showed that the 
daisity innreses by fhctor of two with the risa twice the diameter. The decrease of void 
fiaction in the malier unit was attributed to sotids fricrion and wall phenomena 
(condensation of sotids at the waii), the later being dominant. At the waii, velocities are 
much lower and soli& may tend to rgglome~afc. Proportiomtely more solids will tend to 
condense in d riser comparai to large diameter risers (-to-volume ratio &kt). 
However, although the trends in the two studies agne, the abwfute dues differs by a 
faaor of almost 3: the density reported by Rhodes et d. (1992.) is 56 kg/m3 in a 15.2 cm 
column compareci to only 20 kglm3 in Avidan's test. That Maeme is greater than the 
diameter efféct. Discrepancies, such as these are not uncornmon in the literature and 
contribute to lsdc of convergence of a unique interpretation of hydrodynamics trends. 
The wall phenomena &kct is also not clear. Solids condensation at the waü carmot 
account for experimental findings of Contractor et ai. (1992). They reported lower 
densities after introducing su& a n s  in the fonn of a vaticai heat &er tube. The 
increased aufice area due to the tube should condense solids and increase the solids 
Graction. The reasons of this maybe attribut4 to the lack of acairacy in the muisurements 
of the superficial gas velocity and soiids circulation rate. Many authon considered that 
they operate their CFB at atmosphenc pressure. For taIl reactors (5 m and more) it is not 
uncornmon that the pressure in the bottom of the bed is 0.1 to 0.2 atm. Thus the true 
superfiaal velocity wül be 10 to 20 % lower than what is reported is some regiow. 
1.2.7 Axial Density Prof l  
In industrial sized FCC risers, Matsen (1976) reported that the ratio of the gas velocity to 
sotids velocity - slip -or - was about 2 ( =2). 
Patience et al. (1992) correlated data firom a number of experirnental risers ushg this 
concept and developed a nonaimensional expression to aumunt for the effects of particle 
characteristics, riser diameter and gas velocity. 
where Fr is the Froude number (U& ~)*-S)and Fr, is the terminal Froude munber 
(V& D)*.S). Soiving for the mean void M o n ,  O we obtain: 
Void M o n  increases with increasing gas velocity, decreasing soiids circulation rate and 
d d g  slip factor. Slip frictor decreases with inaeasing gas velocity, The three main 
&ables that &kt ( y ) are the gas velocity, particle characteristics and riser diamder. 
The correlation predicts that the void M o n  increases with increasing diameter. This 
tnnd is opposite to r d t s  of Rhodes et d (1992a) and Avidan (1980). 
Figure 1.2 compares the caidated pressure gradient with experimental data for the two 
risen using sand as the test solids. In the fÙUy developed region, agreement between the 
model and data is good for experiments nui using sand h the 20 cm and 40 cm diameter 
risa 1.2). In the 20 cm riser, two experiments were reportecl at constant mass flux 
of 29 kg/m2s and gas velocities of 4 and 5.8 mls. We predid the correct trend in as much 
as the pressure gradient - solids hold-up - decreases with increasing gas velocity. In the 40 
cm diameter nser, gas velocity was 4.2 d s  and mass flux was 50 kg/m2s; same g u  
velocity as in the experiment in the 20 cm unit with almost twice the m a s  flux. Again we 
show good agreement in the fuliy developed region, which suggests that the slip faaor 
correlation adequately predicts the Suence of the diameter for this data set. 
FCC deta are compared with model predictions in Figure 1.3. In the Wy dweloped 
region, we consistently over predict the pressure gradient by about 3W. Howeva, the 
model prdcts weli the relative change in suspension density with a change in gas 
suPaficial velocity. For example, at a height of 8.2 m, tk experimental pressure drop 
decreases &om 870 Palm at 7.6 m/s to 490 Pa/m at 5.2 &. A différence of 380 Pdm. 
For the same conditions, the mode1 ptedicts a &op of 4 15 Pdm. 
As shown in Table 1.3, slip mon reported by Knowlton for FCC are vay low. Typical 
FCC risers operste near 11 m/s and slip factors in 1 m diameter units are around 2 
(Patience et aL 1992). 
The comlation for the slip factor is baseci on a number of studies with sand and FCC 
powders. The data base for FCC at high gas velocities and rnass flux was taken from van 
Swaaij et al. (1970). The slip factors in Van Swaaij et al. 's data report is in the range of 
1.6 to 2.2, which is much higher than what reported by Knowlton. More recently, 
Contractor et d. (1994) published data for FCC in the same operating range in a 15 cm 
riser and thek resuits agree well with those of Van Swaaij et a% 
Correlation data in the FCC regime is largely based on data published by Van Swaaij. As 
show in table 1 -3, slip factors in the 6-1 1 mis gas velocity range are between 1.6 to 2.3 
for FCC. The &ta published by Contractor et al. (1994) in a 15 cm riser for FCC in the 
same range of conditions also show slip &ors around 2 for similar conditions reported by 
Knowlton. 
M d t i e s  in measuring on-lie solids circulation and gas velocities might have an eEéct. 
The variation of the riser gas velocity with height is substantial for tall risers. Furthemore, 
at very high solids &dation rate, the interstitial gas contained around the particle in the 
standpipe can contribute to a signifcant arnount of the gas in the riser. For example, at a 
superficial gas velocity of 5.2 ds and a sotids circulation rate of 489 kg/m2s, the 
interstitial gas in the solids could increase the superficial gas velocity by 1W. 
Underestimation of the gas velocity in the nser could be one of the cause of the reported 
low slip factors. 
Vütanen (1993) m d  b t h  soiids and gas vdociîy using radioactive tracen. In his 1.3 
nser m risa; he reportai solids and gas veiocity fiom 12 to 14 m/s and solids velocities 
between 6 and 8 ds, which gives a slip nidor near 2. The +enta1 d a .  of Rhodes et 
ai. (1992a) and Avidan (1980) suggest that the slip Wor increases with decreashg 
diameter. lfthis observation is d e a b l e  fiom a 1 m diameter to 0.2 and 0.4 diameter, we 
would expect hcton much greota than two in the s d e r  equipment. The data set in the 
workshop i s  not consistent with the industrial measurements. 
1.2.8 M a i  Density Profde in the Eotmnce Region 
In labsde risers, the entrance region ocaipies a signincant M o n  of the total height. 
Genedy, when solids enter horhntaiiy firom an Lvalve, the density appean to decay 
exponentially to an asymptote. We refer to the region where solids density is essentially 
constant as the fiilly developed region. The length of the 8cceIeration region depends most 
on operating conditions: it inmeases with suspension density, higher at lower gas velocities 
and higher solids mass flux. To describe this phenornena, Rigsley et al. (1994) adopted 
the force balance equation for one-dimensiod motion of single particles through fluids, 
where V,is the local particle velocity integrated over the entire cross-section and the drag 
d c i e n t  is 
Under dilute conditions when particle interactions are negiigiile K equals 18.5 (Stokes' 
Law regime: 2 < Re, < 500). To 8ccount for particle interactions, i.e. dense phase 
conditions, we substihte Eq. 4 into the momentun baiance (Eq. 3) and solve for K .  
nie panmeter K lumps together the &kt of particle-partide interactions and radiai non- 
d o n n i t y .  To caldate the void M o n  as a fùnction of height, Equation Eq. 3 is solved 
simultaneousty with the solids flux balance and an equdon rdating axial c o o r d i i e  and 
the mean particle vdocity - Equaîions 6 and 7, 
and 
To oolve this set of equations, two boundary conditions are requked; one for the initiai 
void fiaction and one the initial height. W e  assume that E. is qua1 to s4 at t = O and 
that Z = O at t = O .  The two major contributions to the pressure drop are due to soli& 
hold-up and solids acaleration. We ignore gas density and fictional effects. Figures 1.2 
and 1.3 illustnite the change in pressure drop with respect to hem.  Mode1 predictions 
agree very well with data generated with sand, but with FCC powder at high mass flux, we 
overestimate the pressure drop. However, the shape of the nwes agree reasonabiy weii 
with the acperimental data. The difference is due to the poor fit in the M y  developed 
region w h m  we overpredict the solids hold-up, which in tum affkcts the parameter K .  
1.2.9 Voidage Profde 
Zhang et ai. (1991) reported radial void M o n  profiles for four dierent powders in 
three dinerent risers up to 0.3 m in diameter. They found thaî the normalized radial void 
M o n  was a unique ninction of radial distance. Data reported by Herb et (i1. (1989). 
Mine0 (1989) and Tung et al. (1989) dso support this observation. Zhang a al. 
correlatecl theu data and found that the centerline void M o n  was best approrcimated by 
gd = (zr9' . However, this expression eppeara to umlaeatimate the acîuai void fiadon 
in as much as it poody accounts for the obsewed treDds in solids mass flux. Solids mass 
flux is the ptoduct of local density and particle velocity. The velocity at the centeriïne is 
maximum as is ofien the case for rnass flux. HoweLn, when we use Zhang's correlation 
with soli& velocïty data, we calailate a local minimum for centerline m a s  flux. For this 
mason, Patience and Chaouki (1995) recorrelated Zhang's data with mass flux data and 
demiopeci the foiiowing relationship 
The only input parameter is E - the average void fiaction. 
the Merence betwem the centerline and the average void 
the difference between the centerline void M o n  and 
dimensional distance, 6 .  
The denominator, ( E a 4  - 6 ) is 
the void M o n  at the non- 
ûne important ciifference between Eq. 8 and the correlation of Zhang is the calculated void 
M o n  at the centerline. The arponent proposed by Zhang takes a value of 0.191, while 
we propose that it should be higher and have found that 0.4 agrees well with Zhang's void 
M o n  data and mass flux data. In the turbulent and bubbling Buidization regimes, the 
centerline void M o n  is higher, data published by Abed (1 983) suggest that the range is 
-0.5 -1.0 
€rom E to E ; the exponent increases with decreasing gas velocity. 
As shown in Figure 1.4, overall agreement between the experimental void fiaaion data 
with sand and that predicted by Eq. 8 is good. At the center, the void M o n  is a 
minimum and it increases towards the waii. At constant mass flux, void W i o n  inmeases 
with inaeasing gas velocity; it decreases with increasing mass flux at constant gas velocity. 
Scatter near the wali is large and may be attributable to the diffiaiity with the acpaùnental 
method; the dishirbance introduced by the meamring probe is greatest closest to the d. 
The airva show the same characteristic shape, which is consistent with Zhang et 4.3 
postdate that the reduced radial pronle is a unique M o n  of radial distance. In Figure 
1.5, we show ali the experimental FCC data compared with m. 8 in its reduccd forrn. 
W1th FCC, under dihite operating conditions, the reduced radiai void fiaction profile 
eppears to depend on radial distance only; agreement between mode1 predictions and 
experllnental data is genedy good at high gas velocities. However, at low gas velocities 
and high mass flues - high suspension densities - the shape of the curve changes. For 
example, at 7.6 ds and 489 k&q the reduced void fiaaion is about two for 6 XI.75. 
The solids density et the wall appears to reach a limiting value; with further inmeases in 
suspension density (either by increasing solids circulation rate at constant gas velocity, or 
decrea~ing gas velocity at constant circulation rate) soli& a .  the wall do not compact 
W e r ,  rather they migrate toward the center, thus increasing the average local density 
until it reaches the iimiting value. Presumably, the limiting void -ion at the waii is 
largely a function of gas velocity. 
12.10 Gu Vdocity Profit 
van Zwnen (1962) reported that the local solids hold-up was greater near the wall 
compared to the centerline and that the radial particle velocity was nearly parabolic. Based 
on these observations, Rowe (1962) suggestod that the gas mi@ have a similar radial 
velocity distn'bution. He reasoned that the presence of solids would dampen turbulence 
and cause the gas to be in strearnhe flow. Data reported h m  the NUCLA power plant 
experimental program support this hypothesis. They sampled the gas stream over the 
radius at two heights 7 m apart and found sirnilar radial concentration profles. If radial 
gas mkhg was significant, then we would expect that the concentration profile might 
becorne Bat. However, steady state injection of helium gas in a<perirnental risers showed 
that gas baclaMOng deciines with increasUIg gap vdoQty (Canhrrt and Yerus)ialmi, 1978) 
but that radiai dispasion a n  be an important effèct (Yang et ai., 1983). 
Otha important issues nmeinllig conceming gas p h s e  hydrodyiramics relate to the waü 
boundaty condition anci entrance effects. Some data suggest that gas is carriecl d o m  by 
the solids dong the waU, while other data indicate that the w slip boundaiy condition is an 
appropriate approximation. Unda catain conditions of bigh mass flux and suspension 
dauity, solids have been reporteci to ascend at the wall, and this &éct has not yet been 
weii documented. 
In Our model, we assume that the radial gas velocity pronle is continuous and can be 
a p p r o d e d  by a power law type expression, similar to that proposecl by Martin ai. 
(1992). We assume the no slip boundary condition at the waii and that the velocity is 
maximum at the center 
The value of alpha varies between 1 and 7, where 1 approximates a triangular profile, 2 is 
parabolic and 7 approximates a tuhulent profile. Patience et al. (1996) correlated 
experïrnentai data - both gas velocity and solids velocity data - to identie parameters that 
affect the velocity profile. The data set included both sand and FCC powders and covered 
a large range of operathg conditions and nser diameters up to 0.3 m. They found that the 
profile depends most strongly on gas velocity and to a laser extent on mass flux and nser 
diameter, 
With incnising gas velocity, solids suspension demity deaesses and the velocity profde 
appfoaches turbulent Ikreas@ mass flux has the same &'kt on suspension density, 
the vdocity profile epproaches turbulent at lowa rnass flux. The correlation predicts an 
intereshg affect with respect to Na diameter: at a co~tpnt gas velocity and mass flux, 
the velocity profile tends toward a turbulent profile with deaeasing diameter. This trend is 
consistent with the slip W o r  model, which predicts that the sotids hold-up increases with 
increasing diameter. However, as already mentioned, the &ect of diameter on suspaision 
density is not well doaunented and it is less weIl undetstood for gas hydrodynamics. 
The value of y in Eq. 9 is caldated kom a mass baiance on the gas, 
whae U,., is the local superficial velocity. SolVing for y gives 
12.1 1 Paxticle Vdoeity Profile 
Based on van Zoonen's (1962) experimental data, Rowe (1962) suggested that both gas 
and solids might have a similar parabolic velocity profile. He fùrther poshilated that the 
slip velocity between the two phases would also be similar at al1 radii. We assume that the 
siip velOaty at the center equals the particle temiinal velocity 
At the center, solids hold-up is low and the particles are well dispersed. For the fadial 
solids velocity profile, we use a power law expression with the same exponent (a ) used in 
the radiai gas velocity profile, Eq. 10 : 
where, 4, is the M o n  of the cross-seaionel arca in which particies ascend. Gas and 
wlids radial velocity profiles are similar but the slip velocities across the radius are not 
quai, as Rowe (1962) postuiated. At the wdi, pamcle velocities may be negative and 
considerably greater than the particle terminal velocity while the gas velocity is zero. The 
expression b r  the radiai velocity profile has the same form as for the gas velocity profile 
except that the velocity is negative for r > r,, (or C > c,. ). 4, is calculated based on an 
o v d  rnass flux balance : 
The solids mass flux is the integral of the product of the local solids hold-up (Eq. 8) and 
the local solids velocity (Eq. 14). Integrating this product and solving for (, @va : 
Wsth increasing ga9 velocity at fixed m a s  flux, the value of 4, will also increase. The 
value of ( a  is not strongly affectecl by a change in solids circulation rate. With larger nser 
diameter, Eq. 16 predicts that the cross-sectional area in which solids descend along the 
wd is grMer. This trend is consistent with the slip -or mode1 and Eq. 1 reiating the 
ges velocity profile with operating conditions: in larger diameter risen, suspension 
densities are higher, the velocity gradient is steeper and more solids descend along the 
4. 
1.2.12 Sotiàs M m  Fius Profile 
Soli& mass flux is a product of the local velocity and local suspension density 
where the local soli& velocity is calcuiated based on Eq. 14 aad the local void fiaction is 
from Eq. 8. During the Fluidi7ation Workshop, J. Matsai was charged with the task of 
presenting a graph h m  each participating research group in which agreement betwm 
experimental data and mode1 predictions was the closest. D. Geldart had the misfortune to 
compare a graph that showed the least agreement between expsimental data and model 
predictions. Matsen selected Figure 1.6 as the example where our model agreed well with 
the data In the 0.4 m diameter riser, mass flux at the centeriine is almost three times the 
average. The wall mass flux is negative and about four times the average mass flux. The 
transition from upflow to d o d o w  occurs at 4. = 0.9 . AU of these characteristics were 
captured by the model remarkably well. 
Gddart chose Figure 1.7 as the example where the model predictions fit the experUnental 
data poorly. He pointed out that we overpredict the centeriine mass flux and show 
negative values at the w d  (although the experiments do not indude data near the wall). 
He did add that the mode1 caphued sorne unique characteristics of the data and in k t  
"was not that bad". For example, the centeriine velocity is at a local minimum and the 
absolute d m u m  is nearer to the wall. The model fits the experiments conducted at mass 
flux below 200 kg/m2s very well. 
The agreement is poor at the highest m a s  flux because of an error in the reported value. 
Inttgnhg the acperimental local flux gives 640 kg/m3s compared to their reported value 
of 782 kghds. At an average mass flux of 640 kg/m2s, our model predicts 875 kg/m2s at 
the center, wherw we calculated 1 100 kg/m2s with 782 kglm's. Regardless of the enor 
in the reporteci mass flux, we di overpredict G. at the caita. A contriiuting factor to the 
&kence may be due to the slip Wor modd thaî overprdcts the average density: higher 
densities in the =ter WU d t  in higha local mass flux. 
1.2.13 Concidon 
A bnef rcview of the modeis used for predicting the ri= hydrodyoamic in circulating 
fluidized bed r i s a  has been presented. A fully ptedictive twodimensional model was 
developed and applied successSully to d e s a i  the hydrodynrmic behavior in a cirailating 
fluidizerl bed r i s a .  An algorithm describing aiI the equations involved in the model 
predictions was detailed and the pafonnance of the mode1 predictions was compared with 
data a d a b l e  in the litaatw. The CFB riser d e l  was tested against data from 
Knowiton presented at the Fluidization Vm CFB workshop (Tours, France, May 1996) 
(12-14 m height, 0.2-0.4 m ID, FCC and sand) operaîed in the ranges 4.24 1 mis and 15- 
780 kglm's of superficial gas velocity and solids mass flux respectively. It is clear that the 
specific design of CFB risers can greatly influence particle and gas motion , and hence 
other dependent properties like solids concentration and velocity. The entry and exit 
geometry, cross-sectional shape, wall contour and roughness, and banles aü can cause 
signifiant variations in local flow. An effort has been made to solve the mode1 without 
the use of any experimental information. 
The m d  is able to predict: 
the Pxial derrsity profle 
the radial void profiie 
the radial ga, vdocity profile 
the d a 1  particte vdocity profile 
* the radial solids maps flux profle 
The essential features of the hydrodynamic model are: 
the slip factor is approximately equal to 2 in the M y  dweloped region; 
a semi-theoretical model that relate the cross d o n a l y  average particle velocity and 
voidage and a momenhim balance has been proposed to predict the axial preswe drop 
in the acceleration region; 
the normaüzed void M o n  profile is a unique hction of radial distance; 
the centerlie void fraction is qua1 to the average raised to the power 0.4; 
the gas velocity at the wall is zero; 
the gas velocity profile follows a power law and the exponent is a function of Fr, Ug, G. 
and particle density, 
at the center, the slip velocity equals the single particle terminai velocity, 
the particle velocity profile foilows a powa law with the same exponent as the p 
profile; 
the solids wall veiocities are calculated based on a solids flux balance; h d y ,  
the m a s  flux is the product of the local density and particle velocity. 
The mode1 predicts axial pressure gradient for experiments conduded with send quite weli 
but not as accurateiy for FCC. Discrepancies h FCC data are largely attniutable to the 
difference between the experimental and predicted solids hold-up in the W y  developed 
region. The model overpredicts the density in the M y  developed region when FCC were 
0uiCIiIPA. In spite of these dpredictions, the d e l  s4mui to behave in a physically 
fhible way and give rea rode  predictions of the risa bydrodynamic in cirailating 
fluidized beds. The reasoa for the poora fit with FCC datr may be due to the histohcal 
dm base upon which the slip factor comelation was developed. Anotha possibility is that 
FCC partides were fluidized in tail risers. For these such tail risers, it is not allowed to 
negiect the change in superficiel velocity with change in pressure dong the riser and the 
Unerstitial amount of air that aita in the hser with the high wlids d s t i o n  rate that 
affect the effective gm superficial velocity. 
The model predictions in the acceleration region show a good trend; the axial pressure 
drop decay exponentially with height. However, the length of acceieration is 
underpredïcted as could be seen in Figure 1.2 and 1.3. In the 8cceCeration region, the 
gravity, buoyancy and drsg forces are not the only fàcton contnauting to particle motion 
and hence pressure drop. Particle-particle intenctiom play a key role in this dense region 
and are lumped together in Eq. (5) and apparently does not capture al1 fmon affecting the 
pressure drop in the acceleration region. 
It was shown that the normalid void -ion is a unique ninction of radial distance and 
that the centetfine void fiaction is equal to the sectionaiy average void fraction raised to 
the powa 0.4. The model assume that the radial gas velkty profile can be approximated 
by a power law type expression with no slip boundary condition at the wall and maximum 
velocity in the centa. The value of the exponent is based on correlated experimenhd data 
The expression for the radial particle velocity profile has the same form as the gas veiocïty 
pronle except that the velocity near the wali is negative. The value of the radius at which 
the particle velocity is zero is caidated fiom a particle fiw balance. Finally, the location 
whae the transition from upflow to downflow ocaus is caldated based on a mess Bw 
balance. 
The exit region ans not considemi in the present modd. It wu stated at the Fluidization 
ïA I I  Conference thaî d a p a  knowledge of the hydrodynamics 4 still needed for M e r  
modeling. Especialiy the investigation of entrance and exit &écts is of importance. niese 
research ne& are commonly accepted for d y t i c  and combustion systems. A detaiIed 
answa of these open questions is needed to solvwp problems, for which solutions are 
stiil missing. In niture wo* the micmscopic intaaction between gas-phase eddies and 
dispased particies need to be considered. The modd pdicts the average flow structure in 
the CFB riser. The dynamic change in 0ow stnictun a d u i  signifiant fluctuation which 
are important in mass and heat transfer between particles and fluïd. 
1-2-14 List of symbois 
&: drag d c i e n t  
D: riser diameîer (m) 
4: particle diameter (m) 
k: kinetic constant 
K: parameter (Eq. 4 and 5) 
Fr: Froude number (u&D)) 
Fr,: temiinal Froude number (V ~d(gD))  
g: gravitational constant (m/s2) 
G,: solids circulation rate (kg/m2s) 
H: riser height (m) 
Q: gas flow rate (m3/s) 
ra: radius at which the axial particle velocity is zero 
Re,,: particle Reynolds number (4(VP-UA 6 )p& 
S: selectivity 
t: time (s) 
T: temperature CC) 
U,: gas superficial velocity ( d s )  
V,: actuai gas velocity ( m l s )  
V,: particle vdocity (mls) 
Vt: tamiari vdocity (mls) 
W: rstnlyst imrentory (kg) 
X: conversion 
2: axiai coordinate (m) 
1.2.15 Cm!& symw 
a :exponait in the gas and partide velocity profile (Eq. 9, 10 and 14) 
AP :pressure drop (Pa) 
6 : void fraction 
E : mean void M o n  
6, : void M o n  in the centerline of the riser 
/, :fraction of the cross-sectional area in which particles ascend 
(y :slip factor 
y : parameter in Eq. 9 and 12 
p gas viscosity (Pa s) 
p: suspension density (kg/m3) 
PI: gas d h t y  ( k m 3 )  
pr: particle density (kg/m3) 
:non dimensionai location at which the particle velocity is zero 
1.2.16 Subscripîs 
cl: centeriine 
mf: mùiimwn fluiditrrtion 
r hdicates dependence on axial coordinate 
c: Uidicates dependence on the non dimensional location 
Table 1.1 Test MatrW for hydmdywnic pÇ6didons 
FCC, 4=76pm, p,,=1712 wm3, IW.2 m 
um Ga 49 kg/m2s 1% wm2s 489 wm23 782 kglm2s 
5.2 m/s X 
7.6 d s  X 
I l  rn/s X X X X 
l Sand, <l.-120pm, &=2600 kg/m3, D4.4 m U, G. 50 kg/m2s 
Table 1 -2 Suspension densities under different riser diameters. 
Shidy D u g  Gs P 
cm m/s kg/m2s kg/m3 
Avidan (1980) 7.6 4 60 39 
Avidan, (1980) 15.2 4 60 20 
Rhodesetd (19928) 15.2 4 60 56 
Rhodes et al. (1 992a) 30.5 4 60 29 
Table 1.3 Slip Won for FCC powder 
u, a D v (') ym p 
"' Knowlton, Van Swaaij et af. (1 WO), ")   on tract oc et d. (1 994), "' Equation 1 
For a speQfied production rate, 
Figure 1.1 Design sequence to detamine the geometry and opaating conditions. 
Figure 1.2 Cornparison between predicted experimentd pressure drop for sand particles. 
ug=5.2 ml8 
Ug=5.2 mls 
Uy7.6 mls - . Ug=7.6 mls r  
Figure 1.3 Cornparison between predicted experimental pressure drop for FCC particles. 
Figure 1.4 Normaiized void fracton as a function of radiai position for sand particles. 
Figure 1.5 Nomialized void fiaction as a function of radial position for FCC particles. 
O Height = 4.9 m 
Height = 6.6 m 
o . m  Mode1 prediction M y  developped 
Figure 1.6 Selected figure showing good agreement (Radial profile of d i d s  m a s  flux ; 
sand M . 4  m, U,=4.2 d s ,  G , = s o ~ ~ I ~ ~ s ) .  
Figure 1.7 Selected figure showing poor agreement (Radial profile of mess flux, FCC 
M . 2  tn, U,=ll mis, Gi--49,196,489,782 kglm2s). 
CHAPITRE 2 ARTICLE PUBLIÉ DANS "INTERNATTONAL 
JOURNAL OF APPLIED RADIATION AND ISOTOPES" 
Ce chapitre inîmduit la seconde partie de la th& qui vise à caractériser la structure 
hydrodynamique locale des partides. Rappeions que la méthode expérimentale utilisée 
est la poursuite d'une particule radioactive. La technique de poursuite d'une particule 
radioactive telle que développée par Laracfü a mil. (1994) doit être améliorée afin de 
pouvoir être appliqua à une étude dans un lit fluidid circulant. Le but visé par ce 
chapitre est de trouver un radio-isotope qui peut améliorer la résolution spatiale de la 
technique. 
2.1 Problématique de l'application de la technique de poursuite d'une partieule 
ndioactive 
La technjque de poursuite dtme particuie radioactive déveioppée par Larachi a cou. 1994 s'est 
montrée un outü @onnant pour étudier le m o w m  des partiades dans un lit fiuidisé 
liquide~~lides, dans un Lit fluidisé triphasque (D.10 cm, H=40 un, 4~3000 mm) (Larachi et 
mil. 19954b) et dans un lit â jet @=IO cm, H=4û an, 4=3ûûû mm) (Roy et coll. 1994). La 
problématique de l'application de cette technique au lit 0uidisé Qrailant est la suivante: 
-À cause des vitesses en jeu dans les WC, il fh t  diminuer la période d'échan~onnage 
par rapport aux études antérieures (10 ms au liai de 30 ms). Dans les applications 
precédentes, les mouvemenf~ des particuis sont lents (vitesses inféneaues à 1-2 d s ) .  
La méthode doit êtn amdiorée pour pennetrre de mesurer des vitesses limites 
d'environ 5 mls. L'augmentation de la fiéquetlce d'échantillonnage par un f&deur trois 
réduit d'autant le comptage des détectaus pendant la période d'échantillonnage. La 
résolution W a i e  de la technique s'ai trouve réduite. 
- Dans les applications précédentes, la région d'iiérêt où la position de la partiaile est 
démmhk est petite. Les hauteurs du lit fluidisé liquidesolides, du lit fluidisé 
- La technique a été appliquée à des lits denses à paroi d'aciyiique. L'atténuation de la 
pami du lit a été prise en considération ai supposant que l'atténullfion des photons dans 
celle-ci est identique à I'anéniaton dans le lit. Cette approximation est j d é e  dans le 
lit fluidisé liquidasoiides, dans le lit fluidisé triphasique et dans le lit a jet mais pas dans 
le lit fiuidisé ckcuîant. La paroi du lit arailant est nUte d'acier inoxydabie d'une 
ipaisseur de 2.6 mm. Le lit fluidisé cirailant est dilué (den& Wlûû kglm3) a 
18at[9uation y est très diffërente que dans FaBa. II faut donc modifier les programmes 
pour temf compte de i'attauation dans la paroi d'acier. 
Avant d'appliquer la technique au lit fluidisé circulant, il fhut nécesSairemenf l'améliorer. ?l est 
dair que k coeur du problème est la résolution spatiale. Lmachi et cdl. (1995) estime localiser 
h partide à 5 mm près dans le plan x-y (écart type sur la position x et y) et à 7 mm près 
axiaiement (écart type sur la coordonnée z). li fiut obtaiir des résolutions semblables dans le lit 
cirailant Le prob1èxne est que la "densité d'information" est de beaucoup réduite par rapport 
aux applications précédentes. La denSté drionnation est réduite par un Weur six (un fàcteur 
trois lié a I'aupentation de la fiéqumce &échantillonnage et un fadeur daoc lié à 
I'augmeatation du volume de contrôle du système de détedion). 
Pour obtenir une bonne résolution dans le lit fluidisé circulant, les paramètrrs suivants doivent 
êtreoptiniisés: 
-iespropri~&laaoura(oCrnàtetaiagiedgrayaisyCmjS) 
h coiinguration des déiectatnr. 
Ces paramètres sont discutés dans un article publie en fhmQ 1997 dans la revue "Joumai 
of Appiied Radiation and Isotopes". Une copie de cet article est présentée dans les pages 
qui suivait. 
2.2 Sommaire de l'article publik dans "International Jourad of Applied Rmdiation 
and Isotopes 
Le choix de la source s'est fait ai compamnt les résolutions Bcperuneidal . es obtenues à l'aide de 
aois radi&otopes difbmtq %, '*ALI e!t *Sc. L ' d e  disaite égaiement d'un moyen 
innovateur de Calder les wordotniées insiantanées de la partiaile à partir des comptages 
fi& quFl permet de calder rapidement les positions &y et z, ditedement à l'aide des comptages 
obtenus par les huit détecteurs. 
La conchigon la plus miportante pour la poursuite de œ projet de recherche est la suivante: 
-Par ('-AU) est le d e u r  radi~~isotope our l'application dans le lit circulant. Daa 
qualités k d e n t  pius intaessant que le radidsotope utilisé par L a r d  et d. (1994, 
1995kb) a Roy a WU. (1994), le &Sc. L1@i le plus marque est le photopic (0.55 pour '#Au 
comparé a 0.4 pwr *SC) qui permet d'évaluer le nombre de photons utiles. Cela se traduit par 
le fiiit que jusqu'à 5 5 0  photons utiles par seconde peuvent être comptés par chaain des 
daeaaaS avec '%I alors qu41 n'est que de 40000 avec "SC. Le nombre de photons utiles 
(photons dttedés dans ,e photopic) est amsi augmenté de 38%. L'utilisation de '% améliore 
donc la résoIution spatiale de la technique puisque les comptages mesurés sont sipérim. Le 
second &kt vient du f'âit que l'or émet des rayons y de plus hiles énergies qui sont plus 
atténués. La p l u  grande atténuafion des rayons y rend le comptage des détecteurs plus sensi'ble 
a la position de la particule radid ive  et améliore ainsi la résolution spatiale. 
De plus, la fiible demi-vie (2.7 j) est intéressante parce qu'il est pratiquement impossile de 
récupérer les particules radioactives à la fin dime expérience dans le lit fluidisé Qrculant a ü est 
donc n;cessaire que la demi-vie ne soit pas trop grande. 
L ' d e  démontre égdemenf que la résolution spatiale du système peut être prédite pour une 
codgmtbn de détednirs a une swrce données. Ce résultat est fondamental pour optimiser 
ia position des détazaas. Ainsi, ii est poasibk de chmnkr de façon quantitative s i  w 
oonngrnation do& est meilleure qu'une autre Iî est aussi possible dhaginer une 
optiniisaton de l'activité de k source et de la configuration des détecteurs mais ceci 
demanderait ôeaucoup de temps de calcul. 
On-Lim Fiow Visualiration in Muhiphase Reactors using N d  Networks 
(Appl. Ridirit. k t .  Vol. 48, NO. 2, pp. 225-235, 1997) 
L. -09, F. -hib, G. KennedyC, B. Grmdjanb and J. Chaouki' 
Department of Chanid Engineering, h l e  Polytecbmque, C.P. 6079, 
Station "Centre-Vie", Montréal, Québec, Canada H3C 3 A7, Fax: 5 M - 3 W  1 59 
b Department of Chemical Engineering, Laval University, 
Sainte-Foy, Québec, Canada GlK 7P4 
' W e a r  Engineering Institute, École Polytechnique, C.P. 6079, 
Station "Centre-Vie", Montreal, Québec, Cahada H3 C 3A7 
2.3.1 Summary 
The sucass of the radioactive panide t dc ing  system 0 devdoped at École 
Polytduique (Montréal) and applied to the study of partide motion in a variety of chernical 
reactors (thme-phase fluïdized bed, gas spouted bed and liquid fluidized bed) has m o t i d  us 
to continue miproving this techmque (in tams of aca>racy and tesolution) end to appiy it ta 
newreadortypes. Ourgoalslut:i)aihancetheo~ginalseardilocationdgonthmuiotdato 
p d  on-&ne flow visualization and Ü) aaad RPT to vay nist solids flows such as those 
arauntered in Qrailatuig fluidized beds (partide veiocities higher than a fw metds) .  
Tbe potamal of nairal mâworks for on-line and d t i m e  visualization of paiticle movemenf~ 
in miltiphese read~rs wül be ih&mted. The originel Ieast-sqm search location aigorithm 
(Laradii et aL 19%) ha9 beai replaced with an aihanced algonthm which uses a three-layer 
M o r w a r d  nairal mtwok  The results obtained h m  the two algorithms for partide traîking 
in a -phase fluidized bed -or are wmpared. 
23.2 Background 
It is weii cec~gnind that the measunmait of parride najedories and rdated dynamc 
phenornena in fluid-partiahte flow systms is paxtiaitarty clifficuit beauise the partides usuaiiy 
odnbit compiex motion patterns and the fiow fidd very o b  k spatially n o ~ o m  
Conventionai rneasurement devices such as fiber optics or e l 6 d  a p c b c e  probes give 
large mrs because they distub the flow, they also do not provide full 00w field 
measurenads. Gven acairate knowiedge of the partide movemerit, one can infér a wealth of 
transient and steady-date information on the partiailate phase, such as the Qrailation time 
& r i i o n  and the timaaveraged doaty field. Notable aramples of two and three-phase 
flow conditions where acainue trajedory measurements of soüd particies are aitical are f d  
in fluid-soli& transport processes such as drying, combustion, and hydrorefining. In each of 
these areas, the auXinite and norrinvasive of partide movement w d d  advance 
the physicaf undemtadng and the d e l i n g  of the related techno1opies 
In the lasi decade, miportant progress has been made in the devdopment of advanced non- 
invssve nuciear @de trad<ing techniques specificaliy suaed for the duvadaization of three 
dimerisional flow fields of discnte or contùwous batch phases in dilutddedlse and opaque 
multiphase sysrenis (Chaouki et oL 1997). Two photon emission-based tmcking techniques are 
aimrdty m applicaîion on labonitory d e  mctom: "positron emission partide trackhg 
(PEPT)"@wdbent et al 1993); and "yq d o n  radiOBCfiVC particle tmcking 0" (Lin 
et d 1985, Mosiemian et d 1992 and Larachi et ciL 1994). Both use the daeaion and 
camting of highiy pavePtmg ymys anitted by radiolabded flow foiiowers which are 
dynrnridysimiiartothetraddphasc. 'Lnyusethedeteacdyiaystoprovidethe 
inorpritru#>us a>otdiniit*l (x(t),y(t)&t)) of the moving tagged pariide. 
The success of the radioactive partide üacking system developed at École Polytechnique 
(Luadü et al. 1994) and applied to the study of partide motion in thr-phase fluidized beds, 
gas spouted beds and liquid fluidized beds has motivated us to continue Unproving the 
technique (ii tenns of acawcy and resolution) and to appfy it to new reactor types. Our nrst 
RPT~usedm~ayof8scmtillatondet~orsraimwdingtherractorundashidy, 
Figure 2.1, and detected the 1005 keV y-rays emitted h m  a particle labeied with %. One of 
our goals is to adad RPT to vay fiist soli& Bows such as those aicountered Ui ckculating 
fiuidhd beds (partide dodies  hi* than a fkw &s). This requVes increanng the 
sampüng f k p e r i c y  of the system wïthouî b e a s h g  the m r  asaxbted with locating the 
tracer particle. Howeva, as wüi be shown below, an kcmw in the sampling fiequericy 
necesserily worsais the tes01ution by a fiidor equal to the squamroot of the Uiaease in 
frequency. This &êct rmst -ore be compensatcd by an @valent improvemerit in 
resolution achieved by optiriniation of the y-ray detection systan. 
The aim of the present rraidy is to address the following two issues: 
i) The fint issue deais with the improvement of computational speed of the feconstniction 
method to pemit on-üne vkdhtion of the tracer coordinates h m  the masures y-ray 
anmts. udeed, the RPT system used did not meet the reqwremaits of on-iine and reai-time 
Msualization due to mmpitation times far exceeding the sampling time interval. The onguial 
t k n e a ~  leiist-squares search (hachi et d 1994) is now rrplaced by an aihanced 
naiial network which caladates the tracer positions d h d y  h m  the signels h m  the ught 
m. The potenhi of the 4 network location algontiim, in tamr of acarracy and 
reduction in cpi tirne wiU k investigated for a particle tradüng arpaiment in a thnaphase 
hidized bed. 
It was shown that to achieve good spatial resoiution both high y-ray counts and a high detector 
sedhdy are needed ( Lerachi et al. 19%). This ocaus oniy when the tra~er-tbdetector 
diritance is not too Isrge. To obtain a detedor response with maximum serisitivity, radioactive 
source~anatinglowaagyyrays haveto bechoseninordertlietsmall dirrplacemaits ofthe 
saircewülproduceappreciabIechangesinthecoum~duetoattaniationinthemedium. 
s e m i M y  is also achieved with low aiergy y-rays because a h i e  fiaction of counts is 
recordecl in the photo@ Both these effects M d  oontnite to providing the highest spatial 
resolutions with Iow aiergy 'y-mys. Unfortunately, a ddmease in the y-ray enagy wiil deaease 
the 6II-width-at-half- of the deteaor thus narrowing the region of space whae the 
detector is most Serisitive. For a tracer l d  et an appreaabie distame f b m  the detector, the 
low numkr ofy-rays and the low saisitniity both contribute in worsawig tbe spatial resolution- 
At these distances high energy y-rays are more appropriate as they are les attenuated in the 
medium ad lead to more muilts. In actual pfadjce the tradwff baweai high and low energy 
y-rays rsnriiis oae oftk basic pmManr m RPT d d o n  1t b ane of tk objedms of t h  
wak to mggest radioisotopes ariiaing y-rays of optimum arergy yieMng the best spatiai 
res01ution. 
2.3.3 n e  RPT systcm 
The rrector conîains a radioactive partide (the tracer), whoae flow propaties match those of 
by the mainials m the reactor and the reactor waU. A compter s h u h m u s i y  tegisters the 
nmiba of y-mys deteaed by each detector in each sempling time interval. The number of 
cormts in esdi of the 8 detectors is used to calailate the coordinates of the partide. Data are 
acquired fbr meml heurs (îypicaliy a d o n  plirticie lOC8tiom are detaniinad) in orda to 
cheraaerize the movement and the veloQty fidd with d u e n t  accuracy in aJI regions of the 
teador. RPT has elready been applied by us to gas spwted beds (Ray et d 1994), Uinaphase 
and Equid &iidized beds @madi et al 1995a,b), and by ou# inveSfi&ators to buWle CO- 
@evenathan et al 1990) and gas 0uidized beds (Lin et ai 1985 and Moslanian et al 19%). 
2.3.4 Location Aigorithms 
Three methods have been used to detamine the location of the particle using the numbet of 
counts ncorded by the detectors. In the fini, the detector is considend as a "virtual point" and 
the distance to the partide Û a polynomial fundon of the nrvnba of counts mrded. The 
polymmial is fitte!d to caliibration data obtained by positioning the tracer at known locations in 
the -or (Lin et aL 1985 and Modemian et d 1992). This approadi suffêrs h m  low 
irninicy and resolution in dense flows, espsciaiiy when the deteztors are not flush-m~unfed 
with the rractor wd. The second uses a rigomus phenomerw>10gical rnodel which descn'bes the 
interactions of radiation with matta for the geumefr~ of the systan (Larachi et aL 1994). A 
map of deredor counts varnis location is gaiaated by Monte M o  dailation and is adjusted 
to celiiratjon rnearniranents. Subsequentiy, eadi location of the tracer is determined by a 
leastsquares seardi for the grid point on the map which best matdies the counts nqjktered in 
the detectocs ( h a d i  et al 1994). This location is rrdned by a least-squares seardi in the 
23.41 Ddxthn M d  
The Mnba of photopeak ownts, C, fecorded by a detector during a oampling time intervel T 
h m  a source of r a d i d v i t y  A placed at a location (~y,z)  inside the -or can be expresd 
by the fOUowing telationship (Tsudfhidis 1983): 
whae u is the Nunkr of y-rays anitted pa chheq@on, r is the distance bbweai the source 
and a point on the outer surniw of the detector aystal, el the path lmgth traded by the y-ray 
m the m r ,  e the paîh length travded by the yiay through the reactor wall and d the 
thickness of the crystal in the direction given by vector r (see Figure2.1). R is the sdid angle 
subtended by the detector surfhce as seai h m  the source and n is an adaial unit vector 
locdy noxmai to CE. p,, and are the total iinear attawation d a e n t s  of the reactor 
contents, the reactor waü and the deieaor msterial, respeuivdy. r is the dead-tirne per 
recorded pulse and qr is the peak-@total ratio. p,,, ansi p ddepad on the y-ray energy. 
23.4.2 Accumq Allltlysàs in M& &lo Crrlculation 
The Monte Cario treatment consists of foiiowing and categorizing a large number of photon 
b r i e s  f b m  anission at the source to absorption in the detedot. For eadi photon, the 
eanission angles 0 and 4 are detamined as fbllows: the pdar angle 0 (see Figure 2.2) is sauuied 
and the angie 4 U detamined by a d o m  nimba. These angles are used to ddemiine the 
photon pash and collision Sac in the detectur, modifid b m  Bearn et 4L 1978. 
The m m k  of photon histories fbliowed in the Monte Csrlo alailotion was sûded here in 
orda to detaminc the iPunba nars~ery for dam rcnrrecy ad fe8sonable computation 
tirne. F v  2.3 shows the effect of the nunkr of histories in the Monte Carlo evehietion of 
the d d  angle f2 Rprrsaiting the position of thc partide in the cada of the c o l m .  T k  solid 
angle is cafcdated at 21 positions mpmmthg locations w k e  the padde kjust in 6ont of the 
d e t s d o r t o 2 O a n a w a y ~ .  TheordiuatehFigun2.3ircainilstedusing: 
wtvre q n )  is the solid engk calahteci using n photon histories in the Monte Carlo caladation 
and L?(l03 ushg IO' histories. Y is a measun of the scairacy of the Monte Cario calculaiion. 
1ûûû histories have beai used in all caldations and as Figure 2.3 illwtmtes, the acairacy is 
apprownatdy.M%. nieecairacyinthesolidangkdnilationisgoodaioughto~that 
the main factor contri'buting to the spatial nsolution is the statistical fluctuation (Poisson 
scatistcs) in the number of y-rays registered by each deteaor. 
2 3.4.3 Tkcorefical Resolution 
nie spstiai resdution of the particle tracking sysûm is defined as the variation of the 
detammed particle location, or more preQSely, the srandard deviations q, q d 4 of the 
distributions of the deraminal coordinates x, y end z The res01ution can be 
detemktj acpaimatslly by f b g  the particle at a @en location and obsaving the 
Bucruation in the location calailated h m  the repeatecny measUrrd uxmts m the detedors. 
Factors contniuting to fluctuaiion are: i) statistical fluctuations (Poisson statjstics) in the 
numba of y-rays registered by each detector, i) d e  fluctuations of the material in the 
reactoi, and iiii propagation of error through algorithmic cornpaations in the location 
Smiilerreiatiot~~hdd f o r 4  anci S. The C, and thedenvativeaoftheC,with respstox, y, 
d z are obtamcd h m  the detedion model @qation 1). The details of the d d o n  of 
Equation 3 an m AppadEc A 
23-43 Lcost-squams Sean:h LucoLion Algorithm 
Equrition 1 cannot k dailated adytiicslly, rather it is isevshi atedcaily using a Monte 
M o  technique (Lm& et d 1994). For eadi d e t a r ,  a map is cornputer-generated using a 
Monte M o  caicuiation fw 19,200 grid points tbmu&ut the reactor (60 vatical coordinates, 
8 r a s  and 40 azimithal angles). The map is the deteaor respollse as a W o n  of traca 
position In order to 8 0 ~ 0 q l i s h  the ultimate objective of obtaining the partide positions, the 
set of wunts recorded by the detaton for each &ne Ulterval must be converted into a spatial 
location, Wdh the previously published method &aradi et al 1994), the 1 ,ûûû grid points 
dosest to the besi grid point for the previous tirne interval were searched for the best match 
This was aammplished by least-squares muuminrti . .  . 'on between the set of yiay cwnts of each of 
the grid points and the measUrcd set of COUnfS. The search was fuitha renned in the 
naghborhood of the best grid point using the "virhLal pointn d ~ o r  assmption within the 
vohtme deliniited by the adjacent grid points ( L a d i  et d 1994). Because the time required 
for one position to be caiculated fsr exceeded the sempüng tirne paiod, this aigorithm, 
ahhwgh very acarratc, did not l a d  itself to real-time point-by-point trajecîory reconstruction. 
Tas hes hd to considCr other approadies capable of drastically reducing the cpu tirne pa 
network d e l  can k viewed sinipiy as a large m o n  moQl between input and output 
variables. Various applications of these modeis are reportai in chemid aiginScring maidy in 
process modeling Md control and f h h  diagnosis. For additionai refkences in this fidd, the 
mader is referred to recent pspers by Morris et al. 1994 and Watanabe et aL 1994. 
A three-layer fbx%orwafd naval d e l  isbuilt to express the normaüzed coordinates (baween 
O and 1) of the !racer, (I,j,i), as a fùnction of the no& fesp011ses of the detectors, 
c, (+l to n, Runba of detectors). Figure 2.4 shows the schematic represanation of the three 
laya féedfi,r~lifd nairal network which has been used in this investigation. Explidy, the 
m8them8ticai form for the tracer coordinates mnsists of the foiiowing set ofequations: 
1 
andHJ,whicharesetequalto 1,arerefdtoastheboias. nievectors & ~ a n d ( ? , j  
, ; ) &ne the inpq hiddai and output layas of the nairal modd, nspectivdy. The vahie of J 
ûne of the most important aspects of a neural neâwork is the learning process wtKnby 
npresentatve examples of knowledge to be aquired are presented to the network so that it 
a n  mtegrate this bwledge within its structure. In w case, the training set, for &ch the 
inpds and outpits are h w n ,  is given by the cornputer -gd  maps obtained h m  the 
Mo* Cari0 sirmilation Thus, the leaming process randody selm 12,250 grid points m n g  
du 19,20 points of a map and nqpsîon an- ushg Marquardt's method (Ress et aL 
1988) is paformed to deremiine the 159 Waghts w* w, wb, and w, that produa the besi fit 
ova the trainmg set. The optima number of s e i d  grid poinîs was fwnd by trials and 
arors to aisure a good P. The ranaming 6,950 grid p o h  are d for a pr- testing 
of the gemmkrg capabihy of the neuraI d e l .  A more compleîe evaluation of the 
'onwinbepedodusinganachialeaclQngacpeiment g- which contains over than 
720,ooo data 
2.3.5 Neural Network and Flow Application 
23.5.1 ~-rpm-mnfrrl 
The potentiai of the neurai ner~ork technique for on-line visualiPition of partide movement in 
a three-phase fluidized bed was investigated. The e x p e k n t  aimed at derermining wheiher 
narrel network rnethod could acauately nproduce the partide trajectory in a real system and 
whetha it muid 1- the particle in a caladation time sipnincantiy less than the samptuig 
2.3.5.2 Redk 
'Lbe nainl modd was ushg 12,250 of the 19,2ûû grid p o h  of the mctm map. It was 
testexi on the nmaimng 6,950 points and the average arw in the locations calailatPiA was w d  
the least-s~uares search algonthm nie nairal d was found to be siill sufiïciaaiy nist for 
owtine visualization on a 66 Mtiz 80486 PC: a position is callVliltPA in 0.5 m. 
The results of the three-phase tluidized bed eqxrhmt carried out to test the neural network 
d ere h w n  in Figurr 2.5. The cwes show a 60 s portion of a typical set of y and z 
components as calailated with the least-squares search (continuous line, 1) and the mural 
modd (deshed line, n). The sampling paiod was 30 ms. ûverall, the results 6om the two 
location dgorïthms show vay good agnanem; the Maawrs (stardard deviations) caiculated 
over 720,000 postions wae 1.5. 1.4 and 14.8 mm for q y and q respedveiy. The 
discrepanQes mted for the I o n g h d d  component z wae mcwt visiile in the entrante region 
and in the inversion region of the bed (top of the bed), and were possihly due to en overfitting 
by the aeural modd (Normandin et d 1993). Neglecting both the aitnuice and inversion 
regions, the standard deviation for z is comparabIe with those of x and y. It is important to 
stress that even though a goad fit to a hrge number of daîa (12,250) is obtained with the 
mdd, thae isno griarantee ofdtaiving a&  robust for data not contained in the aairoiig 
data set. An itaative IeSniing pmcdure needs to k C8med out in order to m h h k  the risk of 
geaing an overfifted neural d e l .  It is thought thet by ad- more data to the ttaUUiig set 
ARa commQie îhe maantaaccw cwrdinates (>gy,z) into c y h d i d  coordmeteg componn~  
of the vdwties (bus&) are ddamiaed by subtrectmg the ccmrdinat*i of siccessive positions 
( r . 0 ~ )  and dividing by tbe cmnting t h  M. Using a cyllldrical grid wvering the 
fhdkïq medium, the cdumn is divided iota 3,840 samphg compartments (30 longitudinal, 8 
radü and 16 a h u b i )  in order to detamine compartment-8.ed veloQties. Each r e d h g  
vdoaty vedor (wu isdgned to the cmter of the sampling mmpartmaii thrit amtahs the 
midpo'ht ktweai two succesive locations. For each wmpsrtmag the ve1od-y 
cornponaits are emedhveraged by smmiing each velocity mmpormt and dividing by the 
W iarmba of dgwwrds niede to the comparûrmt unda consideration. By assuming 
SOUS flow dqmmtry, one chension is taken out by aMaging azïmuthally the aisemble 
mma@ v e l d e s .  Figure 2.6 shows longmidinel profles of the radial and longitudinal mean 
Ueb v e i d e s  at radiai position r/R=0.19 (dose to the caaatine) using the trajectories 
calcvlsrtPA h m  the leest-squares approach and the nairal modd. As expc&d, the average 
veiocities nsulting h m  the two caldation methods compare vay well, except for the ads 
whae, for the reason mentioned above, slight differa~es ere observed. 
Lets now miiew what stratqy M d  be foilowed for true on-üne m e n t .  Fa we have 
to caliirate the phenomenoIogïcal mode1 by using a Linàted nurnber of arpamianal points (30 
to 100). hparamerag  A, rand p&eeequation 1) are thus detemiined. Then we have to 
gaierate counts by Monte Carlo caladaiion for each detector in many position (=If 000). 
These "pseudocxperimemal" data will aiable us to oppVnip the 159 penunetas of the neural 
network. A f k  the opthmm pouameters are f& we are ready for a true on-üne arpaimait. 
23.6 Rrrolution Improvement 
The mdioisoîope study adcbses improvemerit in Bpatial resoIution fbr static -.
The implication is that hi* spatial resolution due to more fàvomble radiation transport 
is djusted so thrt the decsctoni rrcQve a m-sshirabiaii anmt-rate whm the particle is at its 
ciosest position, Radionuclides emitting lowaiergy y-mys may give beaa resolution because 
of inaeased -on in the reactor and because lowcnagy yiays have a higher pmbability 
of deposkhg aii of th& energy in the detestor leading to inore record4 cwnts dative ta 
qededevartswtYchontycamitosaturatingthed~. 
Measurements were carrieci out to detennine the resoluth attainable with three radionuciides: 
&Sc (2 y-raysldisintegdon, 1120 keV and 889 keV), '*Au (O.% effective 
y ~ ~ o n ,  412 keV) and %O (0.97 & i v e  ymyddisintegsation, 140 keV). The 
iabded particles wae apprownately 2 mm diameter spheres containing a few niilligmms of 
'I- 'mAu and %O, which were inadiated using the SLOWPOKE d e a r  -or of 
Ecde Polytectiiiique. As different aimbas of yiays are amtted per -on fiom eadi 
radionuclide, the radioaaivity levei g h  in eech particle was adjusted so as to have 
approrciniatedy the same y-ray fi= (3.7 106 for the three swces, which @ves the same 
maximum total count-rate in the detectors. Other charaderistics of the radionuclides are 
sumwhd in Table 1.1. For each radionuclide, two sets of s<paiments were carried out in a 
5 0  mm hi& 88.9 mm OD and 2.6 mm thidr Schedule 10 stainless steel pipe. The partides 
wae placed at 30 positions inside the pipe. Measuranem~ were d e d  out with the pipe 
anptyd~edwirhwatertosimulatehighlydilutedanddenseflowsrespebivdy. 
23.62 R e d b  
in the eJcpaimeats arried ouî witb î k  tlira radi- the distMca h m  the particie to 
roughiy 20,000 to 1,000 events pa skwd For ach poins the pamde position was caiadatd 
i,ûûû Qnes. (ud the rnean location was compared to Uie tn>e position; the standard deviation of 
the locations about this mean was thai dcuiated fbr each of the three coordinates. During 
those arpamiaitg the particle is mt movhg. The least-squares search location aigorithm gave 
accmte resdts, with the mean calcuiated iocations Iigreeing wry well with the tme locations. 
Figure 2.8 shows the stendard devia!ions of the dailated y and z coordinates as a fiindon of z 
(the longiaidinal cootclinate) obtained with the thrse tnicas in the ~afef-filled pipe. The 
scsnderd deviaiiom of the x coordinate are smiilar to dwwc for y. The 1Uies an the standard 
deviations pndicted by Fquation 3. Several féaaires are iippiirent ~irsf '-Au and %O give 
b e a a x a n d Y ~ h i t i o n t b a n 4 ~ ~ * h g i v e s t h e b e s t z ~ o n ,  FortlEs9zensdor 
(88 mm -, 420 mm heighs) low enagy y-rays give beaa resohition pertly because 
attendon in wata gives a faaa variaton in recorded axmts as a fiuicrion of position. 
b , p ,  the M o n  of the yiays which give ail of thar enagy to the d a e a ~ r  and are 
thdore fecorded, is gnata for -Au and %O W l e  1.1). Frorn d d o n  considerations 
alone, the q for 140 keV y-rays shouid be grrater than that for 412 keV y-rays. However, the 
radioisotope Wsts *ch aiiits uniqueiy y-rays with aiagy near 100 keV. Thug the attainable 
resohrtion is 1ùMted by the Cestena of suitable radioisotopes. For larger reactors, hi* 
aiagy y-ray mYttas Wre 'SC may be pnfaable. 
opthkation of the y-ray arrgy. 
F w  2.8 also shows that the fesolutions predicted by Equation 3 agree quite wefl with the 
messurements. This confirms the validity of m o n  3 and the fad that the resolution depends 
*rprntially on the stahticai fluctuations m the iaunbas of y i a y s  recorded. This signifies thaf 
as fâr as the stddcai fktutions in the Runber of yiays domhate, the RPT resoiution Mght 
be finthaimproved bynumericd sllinilationsusing Equatim 1 and 3. Inde+d for diffe~ent 
reaa~rs geumetries and sizes, the opthal y i a y  energy and the optimal arrangement of the 
detectos can be fWnd and the anainable nsolution can be p r e d i d  by the simulations More 
eny arperiments are canied out. 
Figrne 2.9 shows the predicted tesolution of s on an m d  plane in the column (-082 m in 
diameia) fa a 100 pCi '=Au source in a dilute medium. In t h  sindation, 4 detedors are 
Iocated at an elevation of 80 mm and 4 others are located at 300 mm. The wdl is 2.6 mm thick 
and the sampiing paiod is 10 ms. The resolution in saal position is a strong funcrion of the 
aiciel position but not of the radial position. Figure 2.9 also dearly indicates the of the 
detectors piaced on two d Z i i  levds. The spatial resohition (G) is worsaied near the two 
axhS positions w k e  the detedors are Md. This confrmis that the anangement of the 
d e  I mt opQnal aad could be improved to obtain a more d o m i  distriion. The 
Figure 2.10 shows the predided resolution of on the same plane. The rrsolution is beüer 
nerr the wall kceuse the atterniation in the s&inless sted waii phys a rok m incressirig the 
change in camt rate wah position. Ihe eEkt of the w d  wouid be less SigmScant with a 
ügbx waii mataial (PloOglass for example). The resolution is better just in h n t  of the 
detcctors (3.5-5.5 nun at 80 mm and 300 mm) because the detecbion sdid angk is sarsitive to a 
drange m position of the particle. Both q Md s w o m  et devafions bdow 30 mm and above 
350 mm, away h m  ail the detectors. 
23.7 Conciusion 
An enhancd location aigorithm based on a tlnre laya fdorward netJfal nairalork hm made 
posib1e admnedy arPt position caidaîions Usmg the yiay wunts measUrrd by an amy of 
detsdors. The potaitial of such a rewnstniction technique for mlUK visualization pnposes 
was ihûated for a partide tdc ing  apaiment in a thre+phase ftuidkd bed -or. 
This research has investigated the use of new radioisotopes for UnproWig the spatial resolution 
m tmeking radioactive tracer partides using RPI. The irnproved resolution achieved with 
'=Au has beai show to be promising for potentid application to fast partiailate flow systeins. 
This ~ o i s o t o p e  should be use m new e q e k m t  usuig the onginai lm-squares search 
algorittni or the neurai na~ork.  
2.3.8 Appeodu A 
Gmn t h  average number of counts, Q recordai in detedor #i during a time intaval, the 
srandsrd devirttion in this i n f o d o n  is a&. Consida the of this uncatainty on the 
detaniination of the x wonihte of the particle. Each Ci conrributes to the detanimation of 
thevahwof>s and thevarianœinxarkingîromtheunataintyhC,aiabewriaaia9 
Considering x as the wQghred average of the contributions fmm each of the detedors, the 
nsultmgvarWamx i s t h e c o ~ o n o f t & ~ ~ ~ ~ ~ l ~ o f t h e  Ç. Tbeproœdure for 
calculetmg the veriance of a weighted average (&Wigton 1969) yidds the following 
a<pression for G: 
where 5 is calcelaila by the detedion modd (Equation 1). A simtlar d o n  holds for a x  
a, &- 
Finally, the three-dimensional spatial resolution o3~ is given by the following relation: 








































Figure 2.1 Layout of the RPT system. 
Figure 2.2 Spherical coordinate systern used in MonteCado caldation. 
1e+O 1e+l 1e+2 l e i 3  1e+4 1e+5 1e+6 1e+7 
n histories 
Figure 2.3 Effect of the nurnber of histories in the Monte Car10 evaluation of the solid 
angle. 
Figure 2.4 N d  architecture of the reconstruction mode1 (n=8). 
Figure 2.5 Tracking a labeled particle in a three-phase fluidized bed using the least-squares 





Figure 2.6 Longitudinal profiles of the mean Eulerian velocities in the radial and 
longitudinal directions as calculateci nom the least-squans approach (I) and the neural 
network mode1 (II) in a three-phase f l u i d d  bed. 
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Figure 2.7 Results of the bias of the located longitudinal component, z, for the three 
radionuclides (sampling pend, 10 ms). 
Figure 2.8 Longitudinal profiles of the standard deviations 4 and 4 of components y and 
z and the corresponding standard deviations fkom the detection mode4 (Equation l), as a 
function of y-ray energy (samphg period, 10 ms). 
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Figure 2.9 Predided resolution o. for the '-AU source in a dilute medium. 
Predicted Standard Deviation in Radial Position (mm) 
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Figure 2.10 Predicted resolution a, for the '-AU source in a dilute medium. 
CHAPITRE 3 ARTICLE SOUMIS AU sE CONGRÈS SUR LES LITS 
FLUXDISÉS CIRCULANTS 
Le chapitre pfécedent a permis de conclure que l'or &ait le meilleur radio-isotope puce 
qu'il améliore la résolution spatiale en permettant la mesure de comptages plus ékvés. 
Rappelons que la comparaison des différeiits radio-isotopes est basée sur des tests 
statiques (où le partia.de ne bouge pas). Le but de ce chapitre est de démontrer si l'outil 
que représente la technique de poursuite d'une panide radioactive est applicable pour 
l'étude du mouvement d'une particule traçante dans un lit fluidisé circulant. Les détails 
sur l'unité de lit fluidisé cirdant sont décrits à l'annexe III. 
3.1 Sommaire 
Un article d s  (2 M e r  1996) pour publicabon dans le compte d u  de confiSrenoe du 5' 
Co- riitematonal sur les Li Fluidisés Circulants (Beijing, Chine 28 Mai- l a  juin 1996, 
,. * . 
page MI24 à M I 2 4  rapporte des résultats prdumnairrs. L'adcle a été séIectionné et accepté 
par un comité de lecture pour être publié après la confërence dans un recueil d'articles formant 
le 1Me "Cirniiating Fluidkd Bed Technology V". Une copie de cet article est présentée dans 
les pages qui *m. 
La conchision la plus importante pour la poursuite des travaux est la suivante: 
-Malgré les hautes vitesses de solide mhérerites aux lits fluidisés cirdants, il est 
possible de localiser instantanément la particule dans le plan x-y à l'aide de huit 
détecteurs; toutefois, les prochaines acpériences seront realisées à l'aide seize détecteurs 
afin d'augmenter la résolution spatiafe. 
3.2 Tate de l'article 
Simihweais MeaMsnaa of the 3-D Position and Vdoaty 
of a Single Rad& P d c k  in a CFB Risa (it High Vdocity 
L. Godfkoy', F. lanichi-, G. ~ennedy* and J. ~haouki. 
"École Polytechnique de Montréai, MontréaL, (Québec), Canada - Université Lavai, Québec, (Québec), canad8 
3.2.1 Abstract 
Investigating hydmdynamic behaviour in a muitiphase reactor is a cornplex task. A 
dynamic non-invasive technique was recently deveioped to d e t e d e  the position and 
velocity of a radioactive particle. This technique is based on the use of a 
phenomenological mode1 to predict the wunt of a scintillation detector as a fûnction of 
the particle position. While it has already been proven succwsfiil in three phase fluidized 
bed and in spouted bed, this technique is appüed for the nrst time to .O82 m diameter, 7 m 
height riser of a cirnilating fiuidized bed. 
The technique is a very powerful tool of investigation and permits the study of local 
hydrodynamics of CFBs. Its main advantages lie in its non-intrusive characteristics and in 
the faa that it gives the instantanenus position of the particle. The position and velocity 
of a tadiolabeled particle are detennhed every 10 ms with eight Nal(n) scintillation 
detecton surroundmg the risa  section of the CFB. 
3.2.2 Introduction 
Investigating the hydrodynamic behaviour in Circulahg F l u i d i i  Bed (CFB) is a cornplex 
task ReMt advances in the study of local two-phase flow structure have revealed non- 
uniform solids velocities and concentrations in the cross section of the fiow. Although 
numerous studies have bear conducted on this abject, the hydrodynamic behaviour of 
CFBs remains very dif16.cuit to understand, and pfedidivc d& are srül unable to off i  
M accumte description of the two-phase flow. Many hydrodyMmic models have 
attenipted to predict the mean particle velocity profile; yec vay liale is known about local 
@de velocities. 
Towards this mâ, mmy measurement techniques have bea, appiied. Comren60d 
measunment devices such as sampling probes, fiba optic or ddcal  capacitance probes 
have been associatecl wah significant mors, due to the fira that they disturb the flow. 
Aithough non-invasive teshniques are superior in this area, they do have a number of 
weaknesses. For instame, the phase Doppler Particle Analyzer perniits the measurement 
of only one vefocity wmponent; The laser sheet technique or any video camera systern can 
be used only for dilute flow and tramparent waii. Hence, the need to develop a non- 
invasive technique that is tiee fkom these limitations is important. 
In the last decade? important progress has been made in the development of advanced non- 
Uwagve nuclear particle tracking techniques that an panidarly suitable for the 
characterization of three-dimemional Bow fields of discrete or continuous batch phase in 
diluteidense and opaque muitiphsse systems. Two photon emission-based tnickhg 
techniques are aurently in application on laboratory sale reactors, "positron emission 
particle tracking (PEPT)" (Broadbent et d .  1993); and "y-ray emission radioactive 
particle tracking ('PT)" (Lin et al.. 1985, Moslemian et d.  1992 and Larachi et d .  
1994). Both use the detection and wunting of hi* petrating y-rays emitted by 
radiolabeled flow foIIowers which are dynamically M a r  to the tracked phase. They use 
the detected y-rays to provide the instantaneous coordinates (x(t), y(t),z(t)) of the rnoving 
tagged particle. These techniques also allow the determination of the 3-D instantaneous 
components of velocity - an improvement over other techniques measuring only one 
velocity (axial) wmponent (although another component (radial) could be measured by a 
90' rotation of the equipment). 
The use of Positron W o n  Partide Tracking (PEPT) b ken iixnited to sbdies at law 
v e l d e s  (up to 1.5 Ud) and for coarse partides . PEPT brr mt as yet ban used in CFB 
( S d e  et d.  1995). The succesa of the dioactive parîicie tracking system developed at 
Écok Polytechnique ( L a d i  et aL. 1994) and applied to the shidy of particle motion in 
gas spwted bed (Roy et d,  1994), thrrc-phase and liquid fluidized beds (larachi et al., 
1995a,b), and by otha investigators to bubble colunans @evanathan et aL, 1990) and ga, 
fluidized beds (Lm et ol., 1985 and Mosfemian et d.  1992) has motivated us to continue 
improving the technique (in ternis of acairacy and resolution) , and to apply it to a CFB. 
nie aim of this study is to demonstrate the applicability of the 3-D particle tracking to high 
vdocity flow in a CFB , and to presait r d t s  at a superîicial gas velocity of 4 m/s and 
solids ciradation rate of 25 kgkd.8. 
ui this work, extended time &es of positions of a solid tracer fkeely moving in the CFB 
nser are d y z e d .  The ~ecer has neariy the same properties es the particles constituting 
CFB inventory. The tracer mimics the solid phase, and its position is  obtained each 10 ms 
(100 Hz) by a non-invasive radioactive particle tracking technique. The particle tracking 
technique illustrates the actud path of one of the solid particles in the CFB. This path 
wouid represent the motion of any equivalent particle at different instants if the tracking 
were long enough (Cassanello et ai., 1995). Therefore, this technique allows us to capture 
the average dynamics of solids motion across the tiser by providing instantaneous 
information sampled over d the riser cross section. 
3.23 Apparatus 
The CFB set up is shown in Figure 3.1. The riser is .O82 m bide  diameta, 3.048 mm 
thick stainiess sted wall and 7 meten high. Solids are introduced into the iser by 4 
orifices in the riser just above an orifice plate distributor. They are entrain4 in the upward 
flowing gaq befon exiting through a smooth exit, and M y  separating from the gas 
phase by two cydonea in d e s .  The particles arc reninied to the riser bottom and the gas 
is Mited into atmosphere. The air flow rate is measUrrd by p n s s ~ r e  drop amss an 
orifice. The soli& Qrculation rate ia rneasured by coliecthg the d i &  rit the exit of the 
fint cyclone for a timed period and by weighting. The simultaneow measurements of the 
3-D position and docity are taken by a radioactive particle tracking systern. 
Measurtments are done between heights of 4 and 5 meters above the distributor, in the 
f U y  devdoped region, Md away fkom a d  e&cts. 
150 mm sand particles with density of 26OO kg/m3 are used. The radioadive particle (the 
tracer) is d e  of a mixture of epoxy resin and very fine gold particles ( 4 0  pn). The 
particle con* approximately 50 pg of gold. Its diameter is 5 0 0  pm and the particle is 
approximately spherical. The density is about 2000 kglm3. To ensure thst the tracer is 
attrition resistant, it is covered by a thin layer of super glue. It should be noted that the 
tracer particle is not exactiy representative of the bulk matmal; work continues on 
reducing the size of the tracer. Fina particles could be made but the relatively low content 
of Au would take a long tirne for nuclear activation. The particle is activateci in a t h d  
neutron flux in a Slowpoke reactor for 32 hours. The r d t i n g  activity is approximately 
100 pCi of '*AU anitting y-rays of energy 412 keV w l i f ~ 2 . 8  d ). 
3.2.4 The Radioactive Partide Tracking System 
The reactor contains a radioactive particle (the tracer), whose properties match es close as 
possible those of the solids in the bed. The reactor is surrounded by eight uncauimated 3" 
X 3 " NaI(Tl) scintillation detecton as shown in Figure 3.2. Detecton are located 1 10 mm 
apart axialy and the distance between the detecton and the reactor wall is approxïmately 
65 mm. The detedors are arranged in spiral with 90" spacing b e e n  two consecutive 
detectors. y-rays emitted nom the particle may be absorbed by the materials in the reactor 
and the reactor wall. A cornputer simultaneously registers the number of y-rays detected 
by each of the 8 detectors. The counts of the 8 detectors are used to calculate the 
coordinates of the particle. Data wae aquired for scveflil houn in order to get a number 
of passes dlicient to characterize the movement and the veloQty field with reasoMbk 
acaracy in the entire cross section of the risa. The partide coordinates x,y,z d d  only 
be calaibted when the radioactive partide is in the riser in fiont of the RPT syJtm. 
Uaforûmtely, the partide spait most of the tirne outside the risa section covered by the 
RPT system. In h t ,  we have about 1 to 1.5 seconds of u#ail information every time the 
phcle passes through the artire circulation lwp (12 minutes). 
3.23 Location Aigorithm 
The location algorithm uses a rigorous phenomenological model (Beam et 1978) which 
describes the intexactions of radiation with matta for the system geometry. A rnap of 
detector wunts versus location is generated by Monte Carlo and is adjusted to calibcation 
rneasuremenfs. The caiibration procedures pennit the duation of three parameters for 
each detection system, the aaivity of the source, the attenuation coefficient, and the dead 
time. Once the parameters are determined, a dictionary of 19200 positions (60 axial, 8 
radü and 40 azimutha1 positions) containhg the wunt predicted for each deteaor is 
cornputa generated. Subsequently, each location of the tracer is determined by 1-0 
s q ~ 8 f e ~  search for the grid point in the dictionary which best matches the caunts registered 
in the detectors ( h a c h i  et aL, 1994). This location is refined by least-squares search in 
the neighborhood of this grid point using a simplified model. Calculation is done off line 
ushg a fast wmputer. A set of tracer coordinates is calailad in 80 cpu ms on an IBM 
RISC 6000-375. An aihanceci location algorithm using a three layer feed-forward neural 
network model can also be used for extremely fast position calculation for on-line 
v i s d i d o n  purposes ( W o y  et al.. 1997a). 
3.2.6 RcguIts and DUcwion 
Figures 3.3a,b,c present typid positions >gy,z caldated by the RPT technique (Note that 
z is relative to the RPT system, not to the riser distributor). In the first part of the graphs, 
the particle is going down while it is going up in the second part. It is noted that the signal 
is noise imprinted. In order to get a velocity, we must differentiate a coordinate (&y or z). 
Direct dinaentiation led to erroneous velocities. Consequently, the tirne series signal 
cofftsponding to positions was nItered. The Figures .Ise show the resulting f l t d  
positions represented by smooth ha. Data were fibrecl ushg a 4* order low-pass digital 
Buttemorth fihn design. With the hdp of Fast Fourrier T d o r m ,  we were able to 
identiti/ the n i t o f f  hquency. The cutoff fiequeacy b 0.3 tima the sampiing rate. A 
zao-phase forwud rad reveme digitai filtering was d. The instantaneous values of the 
siope (va in Figure 3 . 3 ~  are comparable when the particle b going down and when it is 
gohg up. How- it is clear that the particle spent more tirne to go through the same 
distance (approx. 900 mm) while going dom. In gened, the particle moves fister when 
ascending than descending. This wiU later be shown by the mean velocity profile. 
The position of the detectors affects the spatial nsolution of the RPT technique. The 
originiai devdopment (Larachi et al., 1994) used 8 deteçton p l d  on two Imls. The 
four detectors on each level surmunded the reactor with 90" spacing. That configuration 
gives a good x and y nsolution but a poor z resolution. In our case, the detecton were 
wefl distributed axiaUy over the region of interest, and the z resolution was good to the 
detriznent of x and y. The effect of the filtering does not change significantly the mean 
axial component of the velocity. The filtering aliows us to find the most probable location 
in the &y plane where that velocity is measured. The axial velocity is accufately measured 
but its location in the %y plane is less weii definad. 
To -ove the resolution, new experiments will be done using a set of 16 scintillation 
detecton covering approximately the sarne section of the riser (approx. 1 m). The 
improvernent in resolution obtained by doubling the number of signals is especially 
Unportant in the x,y plane and wüi allow a more accurate caldation of the mean axial 
velocity profile. The 16 detector assembly is currently under construction. 
Avaagllig dl instaritaneous axial velocities at each radius allows us to cornpute the mean 
vdocity profile. The mean axial velocity profile is presented in Figure 3.4. Its shape is 
parabolic with a positive maximum in the center and negative values in the wall region. 
The shape of the velocity profile is similar to those fouod by otha techniques (phot tube, 
Mer et ad!. 1988; irOlOae!ic probe. Harris et al, 1994; laser Doppla velochetiy, Yang 
et al, i 99 1, 1 W2b, Wang et d,  1993; optical nba probe  hrtge et d,  1988, Horio et 
d. 1988 Ishü et d,  1989, Katoh et d. 1993, Qian and Li 1994). The vdocity profle is 
not wdl d&ed in the ceata (r/R<.S) where the daîa rrs scanaed. nie profile is beîter 
defined mir the wdl a d  genaally is smoother. Figure 3.5 shows the number of 
occurrences ova which docity (Figure 3.4) is caiailated. It shows that the ocairraice 
is very high at the 4 1 ,  cnabling a good representation of the mean velocity in that region. 
Tfwe define a core-annulus structure and defhe the b i t  behrveen the core and the annulw 
as the location whae the particle velocity is zero, then we find thaî rJR is equal to -89. 
This vaiue is similar to those predicted by Hamis and Davidson (1994) and Rhodes (1990) 
using a core-annulus mode!. The annular region is 4.5 mm thick and ocaipies 21% of the 
cross Jeaional area. Based on the occurrence, the particle spent 39 % of the time in the 
anndar region. Thae are two reasons why the particle spent that much t h e  in the waii 
region. F i  the wall region is denser than the central region. Secondly, the particle 
vdocity is lower in the waii region and the solids residence t h e  is thus longer than in the 
fàst moving centrai region. 
Knowing the mean velocity profile, the occurrence and the average void fiaction, the 
voidage M o n  profile can in principle be estirnatecl. However, that caiculation wuld not 
be made due to insuflicient data points (the occurrence is not high enough). A sufficient 
numba of data pointa is obtained for the velocity profile measurement but the number of 
data points required for estimation of the void M o n  is not attallied. It is atpected that 
convergence to the void M o n  is very slow. The total occurrence of velocity 
rneasurernents is 5404, maybe 100 times lower than what is necessary for the evaiuation 
ofthe local void M o n .  
3.2.7 Coaclurion 
Flow anaiysis of the hydrodynamics obtained with this non-invasive radioactive particle 
tradring technique can lead to a better undastanding of the phenornena imroived in the 
motion of discrete particies in CFB than can be obtained using am/ of the previously 
awl ibe techniques. Further experiments wiii be conducted ushg several radioactive 
p a r t i c l e s ( 3 0 r 4 ) w i t h ~ t l s e ~ ~ m e a c t M t y .  Themimbaofpasseswillincrease 
pmportionaliy which Win inaease the acamcy of the velocity field. 
The technique has proven duable in the memurernent of the velocity profile in a CFB at a 
superficial gas velocity of 4 rn/s and a solids circulation rate of 25 kg/m2.s. The velocity 
profiie has a parabolic shape with rnaximum values in the mter  and negative values at the 
waii. The wali region (mulus) ocaipies 21% of the cross section, where the particle 
spends aimost 4% of the t h e .  





Figure 3.1 Schematic of the CFB aet up. 
Figure 3 -2 Schemaîic of the RPT systan. 
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Figure 3.3a Instantanmus x position (100 Hz) fkom RPT systern aAer filtering. 
Figure 3.3b Instantanenus y position (100 Hz) from RPT system &er filtering. 
Figure 3 . 3 ~  Instantanmus z position (100 Hz) nom RPT system f i e r  filtering. 
Figure 3.4 Mean axial velocity profile. 
Figure 3 -5 Number of occurrences of axial velocity measurement. 
CHAPITRE 4 ANALYSE DU MOUVEMENT D9UNE PARTICULE 
TRAÇANTE DANS UN LIT FLUDISE CIRCULANT 
4.1 Sommaire 
Ce but de ce chapitre est de présenter et d'anatyser les résultats du mouvement d'une 
partide traçante dans un lit fluidisd circulant. Le chapitre 2 a permis de choisir le meilleur 
radio-isotope et le chapitre 3 a permis de démontrer l'appticabilité de la technique de 
poursuite d'une partide radioadive au lit fluidid circuiant. Ce chapitre se concentre sur 
l'anaiyse des résultats du mouvement de la par t ide  traçante dans un lit fluidisé cucutant. 
Ce chapitre est le plw original de la thèse puisqu'il apporte une contribution unique aux 
mesures hydrodynarniques des solides dans un lit fiuidisé circulant. Il répond à l'un des 
obj& génQaw du projet de recherche, celui de privilégier une approche locale. 
L'article discute des profils et des fluctuations de vitesse. Ltanaiyse des fluctuations de 
vitesse est particulièrement intéressante pour les chercheurs développant des modèles 
hydrodynamiques complexes basés sur la résolution des équations du mouvement. 
PIusieurs conclusions ont été tirées de cette étude : 
- Du point de vue hydrodynamique, on observe une diminution de la vitesse axiale 
des solides avec une augmentation du taw de circulation à vitesse de gaz constante. La 
diminution de la vitesse axiale sur toute la section est attribuée à la formation d'agrégats. 
Les agrégaîs sont fo& d'un ensemble de partides ayant une vitesse teminale plus 
importante que celle d'une particule simple et leur vitesse est plus fhible. 
- L'analyse des fluctuations de vitesse a permis de démontrer que celles-ci 
diminuent légèrement avec un rayon croissant. Cette analyse a égaiement permis de 
démontrer que l'écoulement n'est pas isotrope, surtout prés de la paroi. 
- Enfin, I'anaiyse des fluctuations de vitesse a égaiement permis d'évaluer le 
coefficient de dispersion de turbulence axiale (turbulent dispersion coefficient). Ce dernier 
diminue avec une augmentation du taux de circulation des solides. Cette diminution est 
liée a ta diminution des fluctuations des vitesses axiales. 
4.2 Tute de Itarticle 
Position and Velocity of a Large Particle in a GadSolid Riser Using the 
Radioactive Particb Tracking Technique. 
L. W o y * ,  F, Larachiv, J. Chaouki* and G. Kennedy7 
4.2.1 Abstract 
The flow behavior of the solids phase in the fllliy developed region of a laboratory-sale 
cirailating fluidued bed riser was studied using an assembly of sixteen Nd detextors to 
determine the position of a 500 pm radioactive particle, 100 times per second. The 
particle location was inferred nom the number of y-rays recorded by the assanbly. The 
knowledge of the instantaneous positions enables the determination of the instantanmus 
and mean velocity fields. Tests were conducted in a 0.082 m diameter, 7 m ta11 riser using 
150 pm silica sand partictes. Data were obtahed at a gas superficial velocity of 4 m l s  and 
solids mass fluxes in the range of 23 to 75 kglm2s. Radial profiles of axial particle velocity 
show that the solids velocity decreased with an increase in solids circulation. 
Conespondingly, turbulent particle velocities and solids dispersion coefficient in the 
longitudinai direction were found to decrease as the solids circulation rate inaeased. The 
cross-sectional a r a  where, in average, solids downfiow takes place increased with an 
increase in solids circulation rate. 
Keywords: particle motion, circulating fluidiied bed, turbulence, Radioactive Particle 
Tracking 
4.2.2 Introduction 
Gas/solid contactors are extensively employed in various industrial applications related to 
the chernical, petrochemical and metailurgical industries, in the manufacture of fine 
powders and ceramics, in combustion and in environmentai rrmediation. One specific type 
of gadsolid reactors, the cùdat ing fluidized bed (CFB), is finding broad applications in 
rnany industrial processes because of its intruisic propaties such as efficiency, operational 
flexiiiiity and overall profitability. CFBs are widely used for the combustion of coal in 
powa stations as weil as for heavy oil crackhg in the petroleum industry. A number of 
new applications of CFBs are expected in the near niture according to the recent reviews 
by Berruti et al. (1 995) (Annexe 1) and Grace et d (1 997). 
Quantification of the flow patterns and backmixing is essential for proper design and scala 
up of CFB risers. Existing models often suffer fiom a lack of pertinent expehental data 
for mode1 validation. The gas/soüd flow in the CFB riser is characterized by a strong 
heterogeneity. Yet, expenmental investigations have demonstratd that the solids 
distribution is nonhomogeneous in both axial and radial directions in the CFB nser. For 
ocample, the nonhomogeneous character of the solids distribution in the axial direction 
was attributed to the acceleration of particles entering with low velocities at the bottom of 
the riser. Harris et d (1994) and Grace (1996) have also shown that the riser exit 
geometry rnay have an impact on the gross hydrodynamic behavior of the riser. The 
nonhomogeneous soüds distribution in the radial direction, a less welf understood subject, 
rnay cause significant downflow of particles near the wall (Neuwland et al., 1996a). As 
outlined by Sinclair and Jackson (1989) and Pita and Sundaresan (1993), the solids lateral 
segregation may be the cause of the nonhomogeneity. According to Sinclair and Jackson 
(1989). the central problem in constructing a satisfactory mode1 for nser systems is to 
understand the mechanism that gives nse to lateral particle segregation. 
Gas-solid flows satisQ the principle of m a s ,  momentum and energy balances. While the 
Navier-Stokes equations govem the motion of the gas phase, there is yet no universal 
agreement on how to describe the partidate phase. One approach, caiied the two-fluid 
rnodel, treats this phase as a continuum and uses some fonn of averaging of the balance 
eqULIfions togeth  with closure and constitutive relationships. The essentid features of 
gas-particle flows cm i n d d  be captured by solvhg the continuity and the momentwn 
balance equations for the two phases and the pseudo-thermal energy balance equation for 
the solids. The ternis involved in the balance equations and t m s  appearing in the closure 
equations are described in daail by Lun et oL (1984). Johnson and Jackson (1987), and 
Ding and Gidaspow (1990). The hold-up, pressure and velocity of both phases are the 
basic variables. For such an approach to be successtiil, it is essential to measure these 
basic variables for mode1 validation. Although sustainhg research efforts have lead to 
precise detennination of the gas-phase variables, those for the polids were less easy to 
obtain due to the diffiailty of probing the partidate phase. 
This work describes the very first application of the radioactive particle tracking 0 to
shidy the non-invasively 3-D movernents of a single radioactive tracer in the riser section 
of a CFB. This tracer consists of a 5 0 0  pm particle evolving among a solids inventory 
made of 150 p sand particles. Analysis of the 3-D trajectories in the Eulerian and 
Lagrangian framework gave access to mean advective and turbulent velocity profiles, a d  
dispersion coefficients, residence tirne distributions, L,agrangian autocorrelations and 
macroscaie times, etc. 
4.23 Measurement of Solids Vclocities in CFB 
Oki et cil (1978) described and compared various methods for measunng local particle 
velocities as presented in table 4.1. Even though a large number of papas have ben 
published recmtly on the hprovement of various methods, measuring principles have been 
known for a long tirne. The RPT technique used in this work is not an acception. 
Kondukov et ai. (1964) rezorded continuously the particle positions in a fluidized bed 
using six scintillation detectors fixed in pairs dong three mutuaily perpendicular axes. 
Usuig caiibration m e s ,  the signais received by each pair of detecton were used to 
caldate the traca particle coordinates. Lin et el. (1985) impoved the signal processing 
d e m e  utiüPng the redundancy of signais to increase acwacy by reducing the influence 
of intrllrsic noise due to the quantized nature of gamma emission. The Radioactive Particle 
Tracking (RPT) technique developed by Larachi et al. (1994) was in principle similar to 
that of Lin et aL(1985) but it yielded improved spatial resolution owing to a 
phenomenological mode1 that was incorporated to describe the interactions of the y-rays 
with the vesse1 geometry. niorough descriptions of the RPT are provided elsewhae 
(Larachi et d., 1994) and wiN not be given here. In the present study, we detamine the 
p&e motion in a circulating fluidiied bed using sixteai scintillation detecton at a 
samplmg interval of 10 ms. The diEerentiation of the displacements yields the local 
ùrstantaneous velocities. Correspondingly, ensemble-averaged velocity distribution and 
turbulence quantities can be computed afta acquirùig data for a suffitient length of tirne. 
As fhr as we know, the continuous recording of the panicle position in a Circulating 
fluidized bed riser in a full three-dimensional field has not been reported previously. Other 
successfiil approach towards the understanding of cornplex muhiphase flows using non- 
invasive monitoring technique have bem recentiy presented by Chaouki et al. (1 997) 
42.4 Circulating Fhidacd Bed Riser and RPT Facility 
The CFB hydrodynarnic is studied in a cold flow CFB unit which is shown in Figure 4.1. 
Sand particles (4=150 pm, p,,=2600 kg/rn3) are air-fluidized in a tail (7 m) riser. The r i s s  
column is comprised of seven sections of schedule-10 nainless-steel pipe 1 m long and 
0.082 m in diameter joined with flanges. The solids are fed symmetrically via an annular 
rnoving dense bed into the riser column through 4 orifices @ , 4 8  cm) located in the nser 
wall, 15 cm above the air distributor (annexe m). The bottom of the riser is surrounded 
by a 2 m high dense moving bed in which particles are slowly moving downwards. The 
solids flux is controiied by the amount of air fed into the dense moving bed. At the exit of 
the riser column, two cyclones separate the particles fiorn the fluidiig air. The particles 
are recirdated back to the dense moving bed at the bottom of the riser through a flexiile 
@vaNzed steel pipe (D-=70 mm). The soüds circulation rate is determineci from the 
weight of soli& collected over a short perioâ of time &a closing a butterfiy valve loc8ted 
on top of the dense bed. 
Figure 4.2 shows the arrangement of the detectors around the CFB riser. The detecton of 
the RPT systern are arrangeci in helk with 90" spacing between two consecutive 
detectors. The RPT system is louited in the fUy developed region, 4 to 5 m above the 
distributor. The detector arrangement offers the dwntage that where ever the tracer iq 
there are several detectors nearby providmg a good sensitivity and a good spatial 
nsolution. Data recordhg by the sixteen detectors begins when a particle mohg 
upwards is detected in the Iowa part of the riser. A 17th detector located 2.5 rn above the 
distnhtor is comected to a stand-alone personal cornputer timing system, and triggers 
simdtanmusly the sixteen detectors for data acquisition each tirne a wunt-rate threshold is 
acceeded. Afker each passage of the tracer particle, the RPT system is in a waiting mode 
until triggered by another passage of the tracer. 
For the open configuration used here, an experiment in the riser of the CFB results in the 
detemination of 15,000 instantaneous positions. The usefui time, which wuld be dehed 
as the tirne the particle spends passing through the W T  system, is vexy s d l  compared to 
the duration of an experiment, typically 0.25% of the totai experirnental time. 
4.2.5 Tracer Preparation 
The radioactive partide is made of a mixture of epoxy resin and fine pure gold powder (<2 
p). Gold powder and epoxy are mixed together in proportions which give a mixture 
density equd to that of sand (pp=2600 kg/&). After hardening, a piece of the mixture is 
ait and hand-rounded to make a 500 pm (520 pm) particle. The particle wntains 
approximately 50 pg of gold ('*AU). The particle is coated with a very thin layer of hard 
super-glue to make it attrition-resistant. It is activated in the École Polytechnique 
SLOWPOKE nuclear reactor for 32 h at a neutron flux of S* 10"/cm2. It should be noted 
that the tracer particle is not exactly representative of the buik material (1 50 p sand) and 
work continues on reducing the size of the tracer until it reaches that of fluidized particles. 
Finer particles muld be made but the relatively low amount of Au would necessitate a 
longer activation time or a higher neutron flux which is not achievable at the present the .  
The tracer particle has an activity of 100 pCi (M.7 pCi) of '=AU which emits 412 keV y- 
rays. 
4.2.6 Spatial Resoiutioii 
The spatial resolution of the particle tracking systan is described in terms of the standard 
deviaîion ex, q and of the statistical distriiutiow of the determineci coordinates x, y 
and z as was shown by Godfioy et d. (1997a). It is possible to predict the resolution 
theoretically f?om the mode1 developed by Larachi et al. (1994). The spatial remlution is  
wrnputed f?om algebraic manipulation of the directional partial denvatives of the counts 
with respect to position. For a sarnpling period of 10 ms with a 100 pCi '%AU source and 
a sixteen detector asembly, the average x,y resolution (o., a,) is 3.5 mm and the average 
axial resolution (oz) is 4.3 mm. 
4.2.7 Results and Discussion 
4 2  Z 1 Motion ofthe p h l e  
The discussion which follows is concerneci with the movement of a large 500 pm tracer 
among 150 jun sand parricles. Figure 4.3 presents an example of the continuous motion 
within the various zones of the riser of the marked particle. The flow directions in these 
zones are such that particles are transportai upwards with the gas in the core zone 
(Figure 4.3 .a), whereas in the wail region the particles move downwards (Figure 4.3 .b). 
An average Lagrangian downward velocity can be calcuiated fiom each segment of 
trajectory where the particle is moving downwardq imspective of the position in the &y 
plane. The distribution of downward Lagrangian velocity is presented in Figure 4.4. The 
maximum fiequencies are close to -1 m/s and the average is -1.4 mis. This average 
velocity is fairly constant and is equal to -1.4 mls at a mass flux in the range of 23-75 
kg/m2s for a constant gas velocity (Upt rnls). 
Contrary to the downward motion, the average Lagrongian velocity of a particle travehg 
upwards deaeases slightly as the soli& circulation rate Ulcreases. The average up-d 
velocity is 2.08 d s  at Ga = 23 kglm2s and 1.86 d s  at G. = 75 kg/m2s. 
Also duMg its motion, the particle exhibits Buctuating radial movements. These radial 
fluctuations are less marked d u ~ g  upward motion than during downward motion- 
Applirently, a weak radial mixing predominates in the mre. As Figure 4.3 .b shows, the 
panicie may travel long and unintempted distances downwards contriibuting to a 
significant backmixing of the solids in the wali region. In general, the trajectory of the 
particle in the wall region is characterized by rapid changes âom positive to negative 
velocities. At some location, the particle may re-enter the diiute core phase where upflow 
predominates and move upwards. As shown by Zethraeus (1996), the gas shear stress at 
the wre-annulus boundary rnay be the cause. Sometimes, the particle is transporteci fiom 
the wre zone towards the waii due likely to intermittency in the wall boundary layer as 
defineci by Brereton and Grace (1993). The tendency to concentrate in the w d  region is 
shown clearly by the radial distribution of the nonnatized occurrences per unit horizontal 
aree in Figure 4.5. These occurrences may be thought of as a residence t h e  mapping or 
stagnancy mapping of the tracer passages per pixel. It is also indicative of the radiai 
profile of nomaliized solids hold up in the CFB riser section. The local void m i o n  could 
not be estimated oniy 6om the RPT technique. The RPT technique shows only how solids 
are radially distnbuted and requires the cross-sectiomally average solids hold-up for 
estimation of the local solids hold-up. The average solids hold-up could be calculateci 
fiom pressure drop measurements assumllrg that the tirne average pressure drop is 
attributable oniy to the hydrostatic head of solids. As should be expected, the occurrence 
profile presented in Figure 4.5. is flaî in the core and increases toward the w d .  
Interestingly, the nomalid radial stagnancy profiles do not seem to depend on the solids 
circulation rate, and are very akin to the universai solids hold-up profiles already reported 
by Zhang et al. (1991) and Rhodes et al. (1992b). 
4.21.2Airiol VelocityAur@k 
The motion path da& illustrateci in Figure 4.3, arc cowerted into hstmtaneous and 
average particle vdoàties in the the directions of space. For the purpose of caiCUIELting 
veldty profiles, the wlumn is divideci into 20 compartments in the raâial direction. 
Deteils of the Euterian velocity caldations are d e s c r i i  by Dudukovic et al. (1991). 
For each radial cornpartment, and consistent with fiow axisymmetry in the nser, the 
measur#l average radiaJ and azimuthal veiocities are near zero and none were indeed 
found to diffa sigzdicantly fkom zero. Typical profiles for the radial variation of axial 
particle velocity are shown in Figure 4.6 for test conditions of constant gas superficiai 
velocity (vI=4 ds) and solids mass flux in the range 23 kglm's 5 G, 75 kg/m2s. Note 
that it was found that 250 instantanmus velocity measurements were sufficient to ensure 
that the average cumulative velocity is within 5% of its asymptotic value. Thus the 
acauacy is always betîer than 5% for reduced radius (r/R) p a t e r  than about 0.4. The 
shapes of the profiles are consistent with those reported by other workers (Bader et oL 
(1988); Harris et ol. (1994), Yang et al. (1993)). The anal velocities ( v, (r)) Vary 
considerably with radial position end models predicting those variations are ernerging 
( m o y  et al. 1997b). The shapes are approximately parahtic near the wall. In the 
center, the velocity profiles flatten and diverge from the parabolic trend. niere, the 
particle velocity was found to be of the order of the gas superficial velocity. This seems to 
be Werent 6om the finding of Bader et aL (1988) who measured particle velocities using 
a samphg probe. Bader et al. (1 988) reported particle velocities in the center of the riser 
to be 2 to 3 times the superficial gas velocity under simnar conditions (U,=3.7 m/s, G,=98 
kg/m2s) in a 30.5 cm diameter riset with 76 pm FCC catalyst. Harris et aL(1994) 
muwred the radial variation of the 60 pm FCC grain volume W i o n  and velocity using 
iso-kinetic and Pitot tubes, and reported that, in the center, the particle velocity was 
apprownately twice the gas superficial velocity (U,=4.4 m/s) for various solids ciradation 
rates (26 kg/rn2s~G&2 kg/m2s) in a 0.14 rn diameter riser. Similarly, Tmer et d 
(1994) meruRved soiids velocity and concentration profila using optical probes, and 
reporteci a partide veiucity in the centa of about 7 m/s (Ufi.5 mis, G d 8  kgIm2s 
D,=.41 m, $=Il0 pm, pp=2500 kg/m3). The behavior of a large traM particle 
embedded in a clump of srnaiier particles is expected to dEer nom that ocairring with a 
monodispased lot of particles. It is intuitive that particle inertia is a major cause for the 
dismepancies in particle velocities observed between the present study and those of the 
other authors. Therefore the ditferences between the measured anal particle velocity in 
this study and those observed by other authors are significant, especially in the core region. 
Fuily developed flow of the velocity profile presented in Figure 4.6 wuld be verified by 
plotting the axial velocity as a function of height as show in Figure 4.7 and 4.8. Those 
plots also show that instantaneous velocities an ewenly distributecl among the rnean and do 
not very with height. Also shown in Figure 4.7 and 4.8 are the line corresponding to the 
average velocity plus and minus the root mean square velocity as will later be defined by 
Equation 4. 
In addition, the r d t s  in Figure 4.6 show that the velocity in the fully developed zone of 
the riser decreases with an increase in solids circulation rate. This interesthg resuh is 
explained by the presence of clusters. For a given gas velocity and low solids circulation 
rate, the particles tend to move independently fiom one another, and the local slip velocity 
between the gas and the particles is close to the particle terminai velocity. As the solids 
circulation rate increases, the flow becornes denser and particle-particle interactions are no 
longer negligiile and the tendency to form clusters incrcases. This tendency ocairs even 
at low soüds circulation rate as fowid by Horio et crl. ((1993) using a laser shed technique. 
These clusters move with a higher slip velocity than the particle terminai velocity. The slip 
velocity may be many tirnes larger than the single particle slip velocity. Bai et al. (1995) 
reported slip velocities of up to four times the terminal velocity at conditions simiiar to 
ours. The tendency to fonn clusters increases with increasing solids circulation rate. 
Figure 4.6 shows that the wall region gets thicker with an increase in solids circulation 
rate, and that the absolute values of the velocities are higher (4 at Gs=23 kg&s and 0.25 
mis at Gs=75 kglm2s). These higha absolute w d  vdocities should not be confuseci with 
the constant Lagriuigian downward velocity (-1.4 mis). The former velocities are 
awmble-average (Eulerian) velocities and the lata velocity is calailated fiom an average 
on each segment of trajectory where the particle is moving downwards. Figure 4.6 also 
indicates that a signincant part of the particles near the wall may rnove upwards, especially 
at Iow solids circulation rates. 
Note that for one experiment the particle velocity at the wd i s  slightly positive. At first 
sight, this observation might be surprising. Bezause the gas velocity is zero at the wall, 
one might expect the particles to fall. In fact, there is a region near the waii where the 
particles can a q u u e  a velocity highu than that of the gas. This effkct is due to the shear 
stress in the particle phase. Particles fiirther from the wall are Sied by the gas an4 
through collisions, transfer momentum to particles closer to the wall (Louge et al. 1199). 
As stated by Pita and Sundaresan (1993), it is essential that a dense region of particles 
develops in the vicinity of the wail to yield d o d o w  of puticles there. 
The experimental velocity profiles (Figure 4.6) suggest that the concept of a sharply 
defined care/annuIus boundary with one-dimensional flow on either side of this boundary 
is an ovasirnplification. The velocity profiles are smooth rather than having a sharp 
transition at a wre/annulus boundary. Similar conclusions are also suggested from 
reactant concentration profiles (Grace and Lim, 1997). 
It is diffiailt to model the velocity profile obtained in this study because no model exist to 
predict the behavior of a large tracer particle embedded in a clump of smaller particles. 
Recently, Godfroy et al. (1997b, Chapitre 1) have submitted a fûlly predictive semi- 
anpirical model for radial hydrodynarnic in risers. The model predicts the radial profiles of 
gas and particIes velocity, soli& concentrations, solids mass flux and the anal pressure 
drop profile. 
The key parameter in the model is estimated h m  the slip factor correlation proposed by 
Patience et al. (1992). The slip £àctor is the ratio of the a d  gas velocity to average 
particle velocity. 
yl=(U,/Ë)IV, (1) 
where yr is the slip fâctor, E i s  the average void fraction and V, is the average axial 
particle velocity. This ratio is about 2 at different operathg conditions (Maîsen 1976). 
Cafculated vaiues of the slip fàctor are presented in Table 4.2. The experimental slip 
faaor is caldateci with the average axial particle velocity fiom Figure 4.6 and with void 
M o n  assurning that the time averaged pressure drop is attributable only to the 
hydrostatic head of the solids. The hydmdynamic model assumes that the slip factor is not 
a hction of solids circulation rate whereas the @mental r d t s  show the opposite. 
The slip &or is close to 2 for atperiments at rnass fluxes of 23 and 33 kg/m2s. Thus for 
those conditions, model predictions are adequate. The slip factor correlation presented by 
Patience et d(1992) should be revised to account for a change in the slip factor with 
solids circulation rate. Further detaiis on the model are not presented here for bievity. 
4.2.ZJ A d y s i s  of Particle VeZocity F?uctudons 
Root Mean Square (RMS) velocities, dculated from RPT, are made up of two parts : 
RMS due to the hydrodyoamics and RMS due to the noise associated with measurement 
error. Statistical fluctuations in y-ray wunt rates cause uncertainty in the particle 
coordinates and thus in the denved velocities (Moslemian 1987). 
The noise component is given by the following equation : 
whexe o, is the standard deviation in the instantaneous me8sutement of the a coordinate 
of the particle position, P is the sampling period. Deteils of the calculation of a, cari be 
found elsewhere ( W o y  et al., 1997a). Fdy, the genuine hydrodynamic wmponent 
of the mot mean square velocity is computed as: 
J 2 V a .rs a r ith n o i s e  - (5.)' 
Some sample curves of the distribution of particle velocity fluctuations in stremwise and 
in cross-stream directions are shown in Figures 4.9 and 4.10. The particle RMS velocities 
in the cross-sbieam direction are srnalier than that in the streamwise direction. This 
behavior occurs due to the quasi-unidirectional trajectories of particles. This conclusion is 
important for modelers. For example, Jenkins and Savage (1983) in their original kinetic 
theory mode1 of cohesionless granular material assurneci the magnitude of the velocity 
0uctuations to be constant and equally likely in al directions (isotropy). We see here that 
the constancy of the axial velocity fluctuations is a good assumption (homogeneous 
turbulence), but the fluctuations are not equally Wely in al1 directions; the turbulent motion 
is not isotropie. An anisotropy coefficient (AC) may be wmputed to quanti& the degree 
of anisotmpy between axial and radial direction : 
Radial profdes of AC are presented in Figure 4.1 1. There is a tendency for AC to increase 
at the centex of the nser (tendency toward less anisotropy). AC is approximately 0.35 in 
the core of the nser and decreases rapidly in the wall region due to the low value of the 
radial RMS velocity. Kinetic theory would greatly benefit from clarifjing the questions of 
what llssumptions must be abandon4 or what ingredients m u t  be added in orda to 
improve the uieary and to extend it to a realistic description of the CFB Bow phenornena- 
4 2  I.4 Au~OCrel4fjOn Md Axàai D@erswu ~~ 
It seans that very linle is known about the particle velocity autocorrelation in a CFB risa. 
TO quantify the statisticai behavior of the particle motion, the autocorrelation of the 
velocifies has been evaiuted. The correlation between the values of the 
velocity at two diEerent times is r e f d  to as the autocorrelation. The 
autocorrelation fiindon is defined as : 
whae () denotes the ensemble average and vo is the a -component of the instantaneous 
fluctuating velochy. The fluctuating velocities were obtained by subtracting the mean (or 
- 
awmble average) va (r) fkom their respective instantaneous velocities v, (r, t) . 
- 
v: (th (c t)-% w (7) 
The autocorrelation function decreases as the t h e  la& s, Uicreases if the velocities vg (t) 
and v i  (t+r) becorne less correlated with inaeasing lag time. As defined in Eq. 7, and 
Eq. 6, vi (t) is not a fiindon of the radius but is  only a fbnction of the time. The 
autocorre1ation funaion thus computed represents an average over the whole field of 
view. 
As shown in Figure 4.12, the axial autocorrelation function decays slowly suggesting a 
strongly correlated flow. Within the l i t s  of experimental scatter, the autocorrelation 
fiindon always decay monotony. The correlation is stronga at the low soüds circulation 
rates compared to the higher circulation rate. This is due to higher particle-particle 
interactions at a high solids circulation rate. The particle travels a shorter distance before 
coIliding with another particle or a cluster resulting in a lost of autocorrelation. 
The Lqnmgian inteprai tirne d e  is defïned as: 
The Lagrangian integrai tirne scale is defined as the zeroth order mommt of the 
aut~~~melation nuiaion f,,(r). At the lowa soli& circulation rates, the inte@ was 
evaluated fkom r=û to r 5% where the autocorrelation function teaches the plateau within 
5% of ermr. nie axiai Lagrangian integral tirne d e s  (~,.,)were not found to vary 
sienificantly with solids circulation rate. The average value is 0.25 s the for conditions 
show în Figure 4.12. 
The Lagrangian integral t h e  sale is used for the determination of the axial dispersion 
coefficient, D,, . nie axial solids dispersion coefficient is givm by: 
whae (v: ,) is the cross-sedonally averaged root mean square axial velocity illustrated 
in Figure 4.9. Figure 4.13 shows the variation of the axial solids dispersion coefficient 
with solids circulation rate. The average value of the axial solids dispersion is 0.85 m2/s. 
The dispersion coefficient decreases with an increase in solids circulation rate due to a 
deaease in turbulent axial velocities. The order of magnitude of the axial dispersion 
coefficients agrees with Patience (1990) data. Using different sizes of tracer partici* 
Patience (1990) found an average effective dispersion coefficient of 0.9 m2/s (ranging fiom 
0.22 to 1.67 m2/s) under dierent operating conditions (4.0 ' U, < 6.2 mis, 40 S G. 170 
kg/m2s) as summarizsd in Table 4.3. 
4.2 7.5 ~~e l"rine Disbibution 
Each particle path across the RPT system has an attribute which can give information 
about the intemal solids flow characteristics. This attn'bute is d e d  age and is the t h e  
that the particle has spent in the system. The particle trajectories measured by the RPT 
technique can be used to cornpute the Residmce Tune Distniution (RTD). The particle 
genaally wiii not remah in the RPT system for e d y  the same t h e  for successive 
passages as particle wili follow a dinerat path. Particles have zero age when they fkst 
enter at the bottom of the RPT system and acquire age at a rate equal to the tirne spemt 
within the systm boundaries. The injection wmsponds to a perfect delta funaion of 
tracer particles at the bottom at t h e  W. This precision is important beuiuse the output 
a m e s  depends in subtle ways on the exact methad used for injcaing and detecting the 
tracer particles (Naurnan, 1981). nie initial and boundary conditions are important and 
correspond to a closed system. The residence time distributions are presented in 
Figure 4.14. Each distribution is calculated based on approxhnately 250 trajectories across 
the RPT system. The rapid rising peaks are due to particles rapidly moving up in the m e .  
The highiy skewed RTD shows pronounceci "tailing" due to pulsating d i a l  movement in 
some particie paths and the existence of a relatively more stagnant wall region. These 
obmations are consistent with the observations of Patience (1990) who measured the 
particle nsidence t h e  distribution by Uijecting a sample of radioactive particles. When 
soiids circulation rate inmeases, the peak time increases, the peak height decreases and it 
gets wider. The fluctuations in the tail of the distribution an due to the relatively srnail 
number of obsemtions provided by the RPT technique. It should be noted that the 
apparent fluctuations in the tail are not due to noise. Those longer residence times have a 
physical meaning and correspond actually to particle spending a longer the.  Curl and 
McMillan (1%) illustrated the extreme importance of tails in estimates derived f?om RTD 
meastuementS. This is notably the case in the measurement of residence time distributions 
using a radioactive sample. Another problem arising in general with radioactive sample is 
from the assumption that the munt rate of a deteztor is proportional to the sectionaUy 
averaged concentrarion of tracer Ui front of the detector. This assumption is questionable. 
The count rate of a radioactive detector i s  especiaily a fiinction of distance (solid an&) 
and source activity of the tracer in fiont of the detector. For example, the count rate over 
time me8suted fiom a weak source moving slowly close to the detector could be the same 
as a more radioactive source moving with a higher velocity firrther away from the detector. 
This illustrates thit diffefent hydrodynamic phenornena could be lumped together when 
using traditional radioactive method for detennining residence t h e  distributions. 
4.2 % 6 Mocteling of Resàühce ïïme DMuniOn 
IntefeStingiy, the RTD could be estimated effdvely based on the velocity profile as 
shown in Figure 4.15. The agreement between the predicted RTD and the experimental 
RTD is g d .  Thus, the RTD can effectvely be predicted only with the knowledge of the 
velocity profile. This conclusion is important since many authors have mncmtrated theu 
effort on measuring RTD and assuming two or mon radial zone such as a cure-annulus 
mode1 with mass transfer between the two zones. The r d t s  presemted here suggest that 
accurate measurement of velocity profile could be used to estirnate RTDs. 
The agreement between the predicted RTD and the aperimentai RTD wuid be fiirther 
increased by allowing axial dispersion. Turbulent dispersion is shply added to the 
velocity profile as a random component of the instantaneous velocity with nuli average and 
a standard deviation equal to the axial rwt mean square velocity d e t e h e d  in Figure 4.9. 
The predicted RTD is calailated in similar conditions as the experimental RTD. The 
prediaed RTD is calculated by following a large number of particles. Al1 particles are 
injecteci at time t=û at an axial location wrresponding to the beginning of region wvered 
by the RPT system (A, relative to RTP system). The axial position of each particles is 
then calculated by following relation : 
( + A I  = t + z i n r t  A t  
when v,  is the instantanmus axial velocity given by : 
v, = V, (r) + randn * v 
L I I  (1 1) 
where v, (r) is the average axial velocity profile calculatecl from Figure 4.6, v L _  
is the constant axial root mean square velocity determined Corn Figure 4.9 and randn is a 
n o d y  distributed random number with mean O and variance 1. The exit time of a 
particle (or residence thne) is determuid by the time a which the particle fmt lave the 
system at an sciai location (z max F 1 m) comsponding to the hnit of the RPT system. 
The modd predictiom with axial mUting is presented in Figure 4.15. As expected, the 
introduction of axial mixing s p d  the distribution and does not affect the peak time of the 
distriiution . 
Radiai mixing could be introduced with the same idea behind the development of 
Equations (10) and (Il), ailowing particles to change radiai component and thus axial 
average velocity. Figure 4.15 also shows the predicted RTD with radial mhing with the 
exception that v,., is not constant but a fùnction of the radius as estirnateci fiom Figure 
4.10. 
The introduction of radiai mixing shift significantly the distribution toward higher 
residence tirne. The radial fiuctuating velocity (Figure 4-10) is such that particles in the 
center are allowed to move signifiant distance radially due its high value. Thus particle in 
the ceriter could easily reach the wall region. However, when a particle is trapped in the 
wall region, the fluctuahg radial velocity is much lower and do not allow many particles 
to get back to the center region of the riser. The radial root mean square velocity in the 
center is probably overestimated in Figure 4.10 ; such a high root mean square velocity 
would induce a much higher concentration of particle near the wall than expetimentally 
detefmined in Figure 4.5. Of course axial mixing could also be introduced with radial 
mïxing. Again the e f f i  of axial rnixing is to spread the distribution and lower the peak 
height. 
4.2.8 Conclusion 
The axial particle velocity was found to decrease with increasing solids circulation rate 
which was aanbuted to the presence of clusters. The wail region where particle velocities 
are negative grows in size with i n d g  solids cirailaton rate. Howeva, since the 
tracer used in this work is larger than buik partide, its physical propaties Muence the 
obsaved 00w pattern. 
The analysis of the root mean square velocities shows thaî the solids flow is not isotmpic 
and that the axial solids dispersion coefficient decreases with increasing solids circulation 
rate. The average axial solids dispersion coefficient was found to be 0.85 m2/s. 
The residence t h e  distribution of solids couid be estimatecl based only on the average 
axial velocity profile. Thus, mdels predicting radial variation of axial solida velocity are 
helpfùl for predicting residence thne distributions. However, improved estimation of the 
residence tirne distniution could be obtained by adding axial m i h g .  The axial mixing is 
added as a superimposed velocity fiuctuating component to the axial velocity profile. This 
fluchiating component was found to be constant ova  the cross-section of the riser and 
vary with operating conditions. 
TaMe 4.1 Various methods of measuring the velocity of particles ( a b  Oki et ai. 1978) 
- -  
Method Principle Detector or device Measured velocity 









a Conversion of  mass flow 
rate variation into the 
variation of the strain 
of a smatl object 
b Conversion of mlss flow 
rate variation into the 
rotation rate of a smdl 
impelier 
Conversion of miss fiow 
rate variation into the 
variation of heat transfer 
rate 
a Mesnvernent of 1 track 
of radioactive isotope 
tracer 
b Measurement of a track 
of radiopiii tracer 
Statistical detemina- 
tion of the transit time 
of particles between 
two fîxed points 
Piezoelectric crystal Linear velocity 
transducer Mas vetacity 
Rotation rate to M a s  velocity 
frequency conver- Linear velocity 
sion device 







Radiopill Lineu velocity 
-4erial con 
Radio receiver 
Optical fiber Linear veIoci ty 
Light detector 
Table 4.2 Calailated vaiues of the slip &or (U,=4mls) 
Table 4.3 Effeaive dispersion coefficient (after Patience 1990) 
Figure 4.1 Schematic of the circulating fluidized bed apparatus 





Figure 4.3 Continuous motion path of the marked particle 

Figure 4.5 Typical occurrences of the location across the section (U,=4 mis) 
Figure 4.6 Solids velocity profües v,(r) (U+ d s )  
Figure 4.7 Venfication for fiiIly developed velocity 
Figure 4.8 Venfication for M y  developed velocity 
Figure 4.9 Aual root mean square velocities (v;,) (Ug=4 mls) 
Figure 4.10 Radiai root mean square velocities (v,) (Ufl mis) 
Figure 4.1 1 Anisotropy coefficients as a fiinction of radius AC@) (Ug4 m/s) 
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Figure 4.1 2 Axial autocorrelation fiinctions (f,, ) (Ua4 d s )  
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Figure 4.13 Effect of Solids Circulation Rate on the Axial Dispersion Coefficients 
w,=4 mis) 
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Figure 4.14 Residence Time Distributions (U8=4 d s )  
Experimental RTD 
Predicted RTD based on velocity profde 
Predicted RTD with axial mixing - Predicted RTD with radiai mixing 
1.0 1.5 
T h e  (s) 
Figure 4.15 Cornparison of residence t h e  distribution with mode1 prediction 
(üg=4 mis, G,=23 kg/m2s) 
CHAPITRE 5 S-SE 
Ce chapitre fait ia synthèse des c o n t r i i o n s  apportées A l'étude hydrodynamique dans ks 
lits fluidisés cirdmts. La première contribution a éîé de participer à un article de r m e  
de Iittérature qui est présenté à l'annexe 1. La seconde contribution est un modèle 
hydrodynamique complètement prédictif. Les conditiotio~ de développement de ce modèle 
sont qudques pai inhabituelles. Le modèle s'est montré ef16icace pour prédin les variables 
hydrodywniques mesurées dans des conditions nouvelles. Il n'a été soumis pour 
publication que par la suite. Il faut insista sur le fàit qu'aucun lissage de paramètres n'a ité 
fait pour assurer l'ajustement des variables expérimentales prédites. 
Le modèle prédit le profil de vitesse axiale du gaz et des particules, la concentration locale 
des solides, le flux massique local et enfin la perte de charge axiale. Le modèle présenté 
dans cette étude se distingue des autres modèles par !'introduction de profils continus de la 
vitesse du gaz et des particules. Le modèle prédit les valeurs moyennes de ces variables 
hydrdynamiques. Cependant, la connaissance de ces variables hydrodynamiques ne 
présente pas toute l'ixûormtion et n ' o s e  pas le niveau de confiance requis pour faire le 
design d'un nouveau lit. Par exemple, le modèle prédit qu'un film concentre de partiailes 
ayant une vitesse moyenne négative est présent près de la paroi. Le temps que la partide 
séjourne dans ce film n'est pas prédit par le modèle pas plus que les fluctuations de vitesse. 
Ces caractéristiques affectent la distribution de temps de séjour des particules et par 
conséquent les réactions en jeu (conversions et sélectivités). Pour ces motifs, l'objectif de 
la seconde partie de cette étude est de caractériser la structure hydrodynamique locale des 
particules. 
La seconde partie de cette thèse regroupe plusieurs articles et constitue une partie 
importante des travaux de recherche. La méthode utilisée pour cette étude est la technique 
de poursuite d'une particule développée par Faiçd Larachi au département de génie 
chimique. Cette technique s'était déjà montrée un outil fort intéressant d prometteur. Il 
Wait bien sûr adapter la technique pour son appiidon à un lit circulant. Le chapitre 2 a 
discutci de h problématique de l'application de la technique au lit circuiant. Le problème 
principal est lie à la résolution spatiaie. On doit augmenter la fréquence d'échantinonnage 
a augmenta le volume à Pintériair duquel ü est possibie de déterminer la position de la 
partiale. 
L'article "On-line Flow Visualization in Multiphase Reacton using Neural Networks" 
présente la recherche d'un meilleur radio-isotope et montre que la résolution spatiale peut 
être prédite pour une configuration des détecteurs et une source données. Ce résultat est 
fondamental pour optimiser la position des détecteurs. La conclusion la plus importante 
pour la poursuite des travaux est que l'or est le meiliair radio-isotope et peut améliorer la 
résolution spatiale du système de détection. Le choix du meilleur radio-isotope s'est 
e f f i é  en mode statique i.e. que la particule radioactive n'est pas en mouvement. La 
Müdation dynamique est présentée au chapitre suivant, le chapitre 3. L'article publié 
s'intéresse égaiement à la démonstration de calails permettant très rapidement la 
détemination des coordo~ées de la particule traçante a partir des comptages des 
détecteurs. Il s'agit Ià d'une méthode originale qui rend possible la visualisation de 
l'écoulement en temps réel en utilisant un réseau neuronal. 
Le chapitre 3 présente les résultats préliminaires obtenus dans le lit fiuidisé circulant. La 
conclusion principale de cet article est qu'il est possible de localiser instantanément la 
partide traçante dans des conditions rencontrées dans le lit fluidisé circulant. Toutefois, 
la résolution spatiale doit être améliorée en utilisant un plus grand nombre de détecteurs. 
Le chapitre 4 présente une analyse détaillée du mouvement d'une particule traçante dans 
un iit fiuidisé cirdant, Une diminution de la vitesse axiale des solides est observée avec 
une augmentation du taux de circulation des solides i vitesse de gaz constante. Cette 
diminution de la vitesse axiale est attribuée à la formation d'agrégats. L'analyse des 
0uctuatiom de vitesse a permis de demontrer que les fluctuations de la vitesse axiale 
diminuent égaiement avec une augmentation du taux de arailation des solides. Cette 
diminution de fluctuations de la vitesse axiale entraîne une diminution du d c i e n t  de 
dispenion turbulente. L'ordre de grandeur du d c i e m t  de dispersion aaale turbulente 
est de I m2/s. L'analyse des fluctuations de vitesse a Cgalement pamis de démontra que 
I'écodement des solides n'est pas isotrope puisque les fluctuations des vitesses axiales 
sont plus importantes que celles radiales. 
La modeiisation de la distribution de temps de séjour a clairement permis de démontrer 
que cate demi& peut être prédite simplement à l'aide du profil radiai de vitesse axiale. 
Cette conclusion montre B quel point la connaissance du profil de vitesse est importante. 
Ainsi, il est important de modéiiser le profil de vitesse des particules par une approche 
comme celie présentée au chapitre 1. La figure 5.1 compare les pronls de vitesse axiale 
mesulées expérimentalement a ceux prédits par le modèle hydrodynamique disaité au 
chapitre 1. Les valeurs prédites par le modèle sont assez près (M.5 mls) des valeun 
expérimentales, surtout au centre du réacteur ( r M . 8 ) .  Près de la paroi, les différences 
entre les deux profils sont plus importantes et peuvent atteindre 1 d s .  Les tendances de la 
variation de la vitesse axiale prédites par le modèle sont toutefois opposées à celles 
mesurées expérimentalement. Le modèle prédit que la vitesse augmente avec une 
augmentation du taux de circulation des solides alors qu'une diminution de la vitesse est 
obsavée. Dans le modèle, le bilan de masse sur le gaz cause une augmentation de la 
vitesse des particules. Expérimentalement, la diminution de la vitesse axiale avec une 
augmentation du taux de circulation des solides est attribuée à la formation d'agrégats. 
Cette tendance est probablement liée à la taille de l'ensemble des particules et en partider 
à la taille de la particule traçante. Il serait très intéressant de poursuivre les @riences 
avec toute une gamme de tailles de particules radioactives. Il serait dors p o d l e  
d'évaluer l'effet de la taille d'une particule sur son comportement hydrodynamique. 
D'autres expériences sont requises pour déterminer i'importance de cette formation 
d'agdgats. 
Ug=4 m/s Gs=23 kg/& 
Ug=4 m/s Gs=33 kg/mzs 
2 - modèle G,=23 kglm s 
- - - modèle Gs=33 kg/m2s 
Figure 5.1 Comparaison des profils de vitesse axiale 
S. 1 Recomrnuid. tiom 
û nuidrait poucsuivre l'étude hydrodynamique dans de nouveues applications a tenter 
d'ajuster le m d e  développé au chapitre 1 aux conditions opératoires obtenues au 
chapitre 4 a dans de nouvelles eqdriences. La comparaison des prédictions et des 
mesures expérimentales peut permettre de renouvela et corriger les corrélations utilisées 
par le m d e  hydrodynamique. Par exemple, une corrélation prenant en considération la 
variation du meur de glissement (Eq. 1) avec le taux de circulation des solides serait 
intéressante. Il faut aussi chacher A comprendre le comportement d'une particule ayant 
des caractéristiques différentes de i'ensemble des particules du lit. De façon générale, les 
modèles éprouvent une certaine difliailté à capter l'essence de l'écoulement dans le cas de 
partides ayant des propriétés semblables a ne sont pas adaptés pour prédire le 
comportement de partides différentes. On pourrait ainsi songer à un nouveau modèle 
hydrodynamique incluant l'effet de la taille des partides. Il y a cependant des limites 
Uifériewes quant à la taille possible d'une part ide radioactive. Tl fut que le temps de 
l'activation neutronique soit compatible avec les possibilités du laboratoire de génie 
nucléaire. Il est à peu près impossible pour l'instant d'entrevou la fabrication de particules 
plus petites que 300 pn pour l'utilisation dans le lit fluidisé circulant. 
Ii saait également intéressant de poursuivre des études dans le lit fluidisé cirailant en 
utilisant une méthode expérimentale différente etlou complémentaire à la technique de 
poursuite d'une part ide radioactive. Par exemple, les distributions de temps de séjour 
des particules et du gaz peuvent être mesurées à l'aide des détecteurs radioadfis. Le profil 
de porosité peut également être mesuré à l'aide d'une sonde à capacitance ayant été 
d&eloppée au département. Toutes ses informations sont rarement disponibles pour de 
mêmes conditions d'opération sur un montage expérimental. 
En fàit, le lit fluidisé &dant est un montage -ta1 qui oaSe beaucoup de 
possiiiiilités. PIU8ieurg (deux ou même trois) hdiants pourraient utiliser le montage d 
['adapta à laus besoins. serait notamment intéressant d'optnr le lit fluidid circulant d. 
hautes taapaltures. 
Enfin, la dernière recommandation est plus générale et concane tous les montages 
expérimaitara quelques peu complexes. Ii saait intéressant qu'une attention pamdère  
soit portée sur la wrnptabilisation de tous les doaiments relatifj aux montages 
acpérimentaux- Il arrive trop souvent que les plans des montages, les manuels d'utilisation 
des appareils de mesure, les garanties et les noms des founiissairs des équipements, les 
courbes de caliiration, etc. ne soient pas disponibles. Cette mesure permettrait sûrement 
de sauver du temps aux nouveaux venus qui héritent d'un montage et d'appareils exïstants. 
ABED, R. (1983), The Characterization of Turbulent Fluid-Bed Hydrodynamics, in 
Fluidtra~ion IL: ed. D. Kunii and R. Toei, Engineering Foundation, New York 137. 
AVIDAN, A. A. (1980) Bed Expansriori and Solid Mixing in High Yelocjty Fiuidized 
Be&, Ph. D. Dissertation, City Coilege, New York. 
AV[DAN, A. A., EDWARDS M. et H. OWEN (1 WO), Fluid-Catalytic Cracking, Past and 
Future Challenges, Rev. Chem. Eng. 6 1. 
BADER R., FINDLAY, J. et T. M. KNOWLTON (1 988), GadSolids Flow Pattern in a 
30.5 cm Diameter Circulating Fhidized Bed, in CircuIafing Fluidized Bed Technology II, 
P .  Basu and J. F. Large Eds., Pergamon Press, New York, NY, pp. 123-1 37. 
BAI, D., ZHI, J. X., JIN, Y. et 2. YU (1995), Intemal Recirculation Flow Stnicture in 
Veriical Upflow Gas-Solids Suspensions: Part II Fiow Stmcture Predictions, Pm. Tech. 
85, 178-188. 
BEAM, G. B., WIELOPOLSKI, L., GARDNEK R. P., et K. VERGHESE (1 978) Monte 
Carlo calculation of efficiencies of nght-circular cylindncal Na1 detectors for arbitrarily 
located point sources, Nucl. Imt. Meth. 154, 501. 
BERRUTI, F.; CHAOUKI, J.; GODFROY, L.; PUGSLEY, T. S. et G. S. PATIENCE 
(1995), Hydrodynarnics of Circulating Fiuidized Bed Risers: A Review, Con. J Chem. 
Eng. 73, 579. 
BEVTNGTON, P. R. (1969) Datu Reducrion and Error Analyss for Physical Sciences, 
McGraw-Hi1 1 . 
BOLKAN-KENNY, Y. G., PUGSLEY, T. S. et F. BERRUTI (1994), Computer 
Simulation of the Performance of Fluid Catalytic Cracking Risers and Downers, I d  Eng. 
Chem. Res. 33, 3043. 
BRERETON, C. M. H. et J. R. GRACE (1993) Microstructural aspects of the behaviour 
of circulating fluidized beds, Chem. Eng. Sci. 48,2565. 
BROADBENT, C. J., BRIDGEWATER, J., PARKER, D. J., KENTNGLEY, S. T. et P. 
KNIGHT (1993) Phenomenological study of a batch mixer using a positron camera. 
Powder Tech. 76, 3 I 7. 
CANKURT, N. T. et J. YERUSHALMI (1978), Gas Backmixing in High Velocity 
Fluidized Bed, in Fluidization, eds. J. F. Davidson and D. L. Keaims, Cambridge 
University Press, London, 3 87. 
CASSANELLO, M, LARACHI, F., MARIE, M.-N., G W ,  C., et J. CHAOUK? (1995). 
Ind. Eng. Chem. Res. 34,297 1. 
CHAOUKI, J., LARACHI, F. et M. P. DUDUKOVlC (Eds) (1997) Non-invasive 
Monitoring ofMultiphase Fiows, Elsevier Science, New York, NY, 585p. 
CONTRACTOR R. M.; PATIENCE, G. S.; GARNETT, D. 1.; HOROWITZ, H. S.; 
SISLER G. M. et H. E. BERGNA (1994), A New Process for n-butane Oxidation to 
Maleic Anhydride using a Circulating Fluidized Bed Reactor, in CirmIating Fhidized Bed 
Technologv, ed. A. A. Avidan, Amencan Institute of Chem. Eng., New York, 387. 
CONInACTOR R. M.; PELL, M.; WEWSTEIN, H. et H. J. FETNDT (1992), The Rate 
of Solids Loss in a Circulating Fiuidized Bed Following a Loss of Circulation Accident, in 
Fluzdizotion 171, eds. 0. E. Potter and D. J. Nicklin., Engineering Foundation, New 
York., 243. 
CURL, R. L. et M. L. MCMILAN (1966), Accuracy in Residence Time Measurements, 
AICHEL 12,819-822. 
CYBENKO, G. (1 989) Approximation by superpositions of sigrnoidal functions. Math. 
Control. Svst. 2, 3 03. 
DEVANATHAN, N., MOSLEMIAN, D. et M. P. DUDUKOVIC (1990) Flow mapping in 
bubble columns using CARPT. Chem. Eng. Sci. 45 2285. 
DING, J. et GIDASPOW (1 990)- A Bubbling Fluidization Model Using Kinetic Theory of 
Gtanulm Flow, AICHEL 36,523-538. 
DUDUKOVIC, M. P., DEVANATHAN, N. et R. HOLLrB, "Multiphase Reacton: 
Models and Expenmental Verifkation", Rev. Inst. Franc. Pét. 46, 439-465 (1 99 1). 
GODFROY, L., LARACHI, F., KENNEDY, G., GRANDJEAN, B. P. A. et J. 
CHAOUKI (1997a), On-Line Flow Visualization in Multiphase Reactors using Neural 
Networks, Appl. Rodiat. Isot. 48, 225-235. 
GODFROY, L., PATIENCE, G. S. et J. CHAOUKI (1997b) Radial Hydrodynamics in 
Risers, submitted to Ind. Eng. Chem. Res. (chapitre 1 de la these) 
GODFROY, L., LARACKI, F., KEMVEDY, G. et J. CHAOUKI (1996a), Simultaneous 
Measurement of the 3-D Position and Velocity of a Single Radioactive Panicle in a CFT3 
Riser at High Velocity, preprint of Proc. 5" Int. Cotg Circulatitig Fhidized Bed, Bejing, 
China, May 1996. 
GRACE J. R. (1996), Riser Geometry on CFB Particle and Fluid Dynamics, in preprint of 
P m .  fh Iw. Co# CircuIating FIuidM Bed, Bejing China, May 1996, pp. PL2 1-1 6.  
GRACE, J. R., A. A. AVIDAN et T. M. KNOWLTON, Eds. (1 997), CircuIating 
Fhidized Be&, J .  R. Grace, A. A. Avidan and T. M. Knowlton, Eds., Blackie Academic 
& Professional, London, 585 p. 
GRACE, J.  R. et K. S. L M  (1997). Reactor Modeling for High-Velocity Fludized Beds in 
Circulating Fludized Beds, in Clrculating Fhidized Bedr, J .  R. Grace, A. A. Avidan and 
T. M. Knowlton, Eds., Blackie Academic & Professional, London, pp. 505-524. 
HARRIS, B. J.; DAVTDSON, J. F. et Y. XUE (1994). Axial and Radiai Variation of Flow 
in Circulating Fluidized Bed Risers, in Cirnrlaritig Fluidized Bed Technology I?: ed. A. A. 
Avidan, Arnerican Institute of Chemical Engineers, New York, 1 03. 
HARRIS, B. J. et J. F. DAVlDSON (1994), Modelling Options for Circulating Fluidized 
Be&: A Core/Annulus Depositions Model, in Circularing Ffuidi-ed Bed jl: A. A. Avidan, 
W., Amencan Institute of Chemicai Engineers, New York, 32-39. 
HARTGE, E. U., RENSNER D. et J. WERTHER (1 988). Solids Concentration and 
Velocity in Circulat ing Fluidized Beds in CircuIating Fluidized Red T e c h m I o ~  Il, P. 
Basu and J.F. Large, Eds., Pergarnon Press, New York, 1 65- 1 80. 
HERB, B.; TUZLA, K. et J. C. CHEN (1989), Distribution of Solids Concentration in 
Circulating Fluidized Bed, in Fluidizoiion 17, eds. J. R. Grace, L. W. Schemilt and M. A. 
Bergougnou, Eds., Engineering Foundation, New York ,65. 
HORIO, M., MORISHITA, K., TACHIBANA, O. et N. MURATA (1988), Solids 
Distribution and Movement in Circulating Fluidized Beds, in Circulafitg Fluidized Bed 
TechnoIogr. II, P. Basu and J.F. Large, Eds., Pergamon Press, New York, 1 47- 1 54. 
HORIO, M., KWROKI, H. et M. OGASAWARA (1993), The Flow Stnicture of a Three- 
dimensional Ciculating Fluidized Bed Oberved by the Laser Sheet Technique. in preprint 
of P r m  P h t .  Cm$ Circuluting Fluidized Bed, Pennsylvania. US4 Augua 1 *-sa 1 993. 
HORNTK, K., STTNCHCOMBE, M., et WHITE H. (1 989) Multilayer feedforward 
networks are universal approximators. Neur. Net. 2, 3 59. 
ISHII, H., NAKAJlMA, T. et M. HORIO (1989). The Clustering Annular Flow Model in 
Circulating Fluidized Beds, J. C'hem. hg. J a p t  22, 484-490. 
JENKINS, J. T. et S. B. SAVAGE (1 983), A Theory for the Rapid Flow of Identical, 
Smooth, Nearly Elastic, Spherical Particles, J. Fluid Mech. 130, 178-202. 
JOHNSON, P.C. et R. JACKSON (1 987), Frictional-Collisional Constitutive Relations for 
Granular Matenals with Application to Plane Shearink J. Fluid Mech. 176, 67-73. 
KATOH, Y., KANEKO, S., et M. MIYAMOTO (1993), Flow Pattern and Velocity 
Distribution on Fluidized Particles in a Riser of Circulating Fluidized Beds, in Preprints 4' 
Int. Conference on Circulating Fluid Be& A. A. Avidan, Ed., Sornerset, PA., U.S.A., 
Aug. 1-5 1993, American Institute of Chernical Engineen, New York, 332-337. 
KONDUKOV, N .  B., KORNILAEV, A. N. ,  SKACKKO, 1. M. ,  AKHROMENKOV, A. 
A. et A. S. KRUGLOV (1 964), An Investigation of the Parameters of Moving Particles in 
a Rudized Bed by a Radioisotopic Method, Irtt. J. C'hem. Eng. 4.43-47. 
LARACHI, F., KENNEDY, G. et J. CHAOUK? (1994), A -ray detection system for 3-D 
particle tracking in multiphase reactors. Nucl. Instr. Meth. e v s .  Res. A338, 568. 
LARACHI, F., CASSANELLO, M., MARIE,  M.-N., CHAOUKI, J .  et C .  G W  (1995a) 
Solids circulation patterns in three-phase fluidized beds containhg binary mixîures of 
particles as inferred fiom RPT. Tram. Insi. C'hem. Eng. 73, 263. 
LARACHI, F., LORD, E., CHAOCIKI, J., CHAVARIE, C.  et L. A. BEKIE (1995b), 
Phenomenological study of solids mixing in a binary liquid fluidized bed. Proceeding of 
Fluidization P7i?, Tours, France, 3 8 5.  
LARACHI, F., CHAOUKI, J., KENNEDY, G. et M. P. DUDUKOVlC (1996), Radiation 
Particle Tracking in Multiphase Reactors: Principle and Applications, to appear in 
Tomogrclphy and Iélocirne~ Techiques for Non-irtvasive Flow Meawremenis in 
Multphase F?ows in Process Inùkstry, Eds Chaouki J., Larachi F., Dudukovic M. P., to 
appear in Elsevier Science B.V. 
LIN, J. S., CHEN, M. M. et B. T. CHAO (1 985). A novel radioactive particle tracking 
facility for measurement of solids motion in gas fluidized beds, AIChE J. 31, 465. 
LTPPMANN, R. P. (1987). Introduction to computing with neural nets, IEEE ASSP 4, 4. 
LOUGE, M. Y., MASTORAKOS, E. et J. T. JENKMS (1991). The Role of Particle 
Collisions in Pneumatic Transport, J.  Fluid Mech. 23 1, 3 4 5-3 5 9. 
LUN, C. K. K., SAVAGE, S. B., JEFFREY, D. J. et N. CHEPURNlY (1984). Kinetic 
Theories for Granular Flow: Inelastic Particles in Couette Flow and Slightly Inelastic 
Particles in a General Flow-field, J. Fhid  Mech. 140, 223-256. 
MARTTN, M. P.; TUFUIES P. et J. R. BERNARD (1992). Gas and Solid Behavior in 
Cracking Fluidized Beds, Pow. Tech. 70, 249. 
MATSEN, J. M. (1976), Some Characteristics of Large Solids Circulation Systems in 
Fhidizution Technology? D. L. Keaims, Ed., Hernisphere, New York, 1 3 5 p. 
MINEO, H. (1989), High Velocity Circulating Fluidized Beds, Ph. D. Dissertation, 
University of Tokyo, Japan. 
MORRIS, A. J., MONTAGNE, G. A. et W n L I S  M. J. (1994) Artificial neural networks: 
Studies in process modeling and control. Chem. Eng. Res. Des. 72, 3. 
MOSLEMIAN, D., (1987) Study of Solids Motion and Heat Transfer in Gas-Fluidized 
Bed, Ph. D. Dissertation, University of Illinois at Urbana-Chamaign, USA. 
MOSLEMIAN D., DEVANATHAN N. et M. P. DUDUKOVIC (1992) Radioactive 
particle tracking for investigation of phase recirculation and turbulence in multiphase 
systems. Rev. Sci. Inrl. 63,436 1 . 
NAUMAN, E. B. (1981), Invited Review: Residence Time Distributions and 
Micromking, Chem. Eng. Cornm.  8,53-13 1. 
Nieuwland, J. J., Van Sint Annaland, M., Kuipers, J. A. A. et W. P. M. van Swaaij 
(1 996a), Hydrodynamic Modeling of GadParticles Flows in Riser Reactors, AICHE J. 42, 
1569-1 582. 
NIEUWLAND, J. J., MEIER R., KUIPERS, J. A. M. et W. P. M. VAN SWAAIJ 
(1996b), Measurements of Solids Concentration and Axial Solids Velocity in Gas-Solid 
Two-phase Flows, Pow. Tech. 87, 127- 139. 
NORMANDM A., GRANDEAN B. P. A. et THtBAULT J. (1 993) PVT data analysis 
using neural network models, I&EC Res. 32, 970. 
OKI, K., WALAWENDEK W. P. et L. T. FAN (1978). The measurement of Local 
Velocity of Solids Particles, Pow. Tech. 18, 1 7 1 - 1 78. 
PATIENCE, G. S. (1 WO), Circulating Fluidized Beds : Hydrodynamics and Reactor 
Modeling, Ph. D. dissertation, École Polytechnique de Montréal, Quebec, Canada. 
PATIENCE, G. S., CHAOUKI, J., BERRUTI, F. et R. WONG (1992), Scaling 
Considerations for Circulating Fluidized Bed Risen, Pow. Tech. 72, 3 1. 
PATIENCE, G.S. et P. L. MILLS (1994), Modelling of Propylene Oxidation in a 
Circulating Fluidized-Bed Reactor, in New Develqmient in Selective Oxidation II, eds. V. 
C. Corberan and S. Vic Bellon, Elsevier, New York, 1. 
PATIENCE, G. S. et 1. CHAOUKI (1995), Solids Hydrodynamics in the Fully Developed 
Region of CFB Risers, in Fhidiuiion MM, preprints, Tours, M a y  14, 33. 
PATIENCE, G. S., CHAOUKI, J., et F. BERRUTI (1996), Cas Phase Hydrodynamics in 
Circulat hg Fluidized Bed Risers, in Multiphare Reactor and Polymerization S v s ~  
H ~ ~ m i c s ,  ed. N. P. Cheremisinoff, Texas 25 5 .  
PITA, J. A. et S. SUNDARESAN (1993), Developing Flow of Gas-Particle Mixture in a 
Vertical Riser, AICHE J.  39, 54 1. 
PRESS H. W., FLANNERY B. P., TEUKOLSKY S. A. et VETTERLMG W. T. (1988) 
Nimerical Recipes. the Ar t  of scienrific Compting, Cambridge University Press. London. 
PUGSLEY, T. S., PATIENCE, G. S., BERRUTI, F. et J. CHAOUKI (1992)- Modelling 
of the %dation of nButane to Malek Anhydride in a Circulating nuidized Bed Reactor, 
I d .  hg. Chem. Res. 3 1,2652. 
PUGSLEY, T. S., BERRUTI, F., GODFROY, L., CHAOUKI, J. et G. S. PATTENCE 
(1994). A predictive Mode1 for the Gas-Solid Flow Structure in Circulating Fluidized Bed 
Risers, in Circuloring Fhidized Bed Technology IT", ed. A. A. Avidan, Arnerican Institute 
Chem. Eng., New York, 40. 
QIAN, C. et J. LI (1 994), Patticle Velocity Measurement in CFB with Integrated Probe. in 
Circukuttng Fluidized Bed IV, A. A. Avidan, Ed., Amencan Institute of Chernical 
Engineers, New York, 274-278. 
E H ,  L. (1 995) New and Efncient High-Temperature Processes wit h Circulating Fluid 
Bad Reactors, Chem. Fng. Tech. 1 8, 75. 
RHODES, M. J., WANG, X. S., CHENG, H. et T. HlRAMA (1 992a). Similar Profiles of 
Solids Flux in Circulating Fluidized-Bed Risers, Chem. hg. Sci. 47.1 63 5 .  
RHODES, M., ZHOU, S. et R BENKREIRA (1 992b), Flow of Dilute Gas Suspensions, 
AICHEJ. 28, 1913-1915. 
ROY D., LARACHl F., LEGROS R. et CHAOUKl J. (1 994) A study of Solid Behaviour 
in Spouted Beds Using 3-D Particle Tracking. Can. J.  Chem. Etig. 72, 945. 
ROWE, P. N. (1962). E f f i  of Bubbles on Gas-Solids Contacting in Fluidized Beds, 
C h .  Eng. Progr.. Synip. Ser. 58,42. 
SEVILLE, J. P. K., SMONS, S. J. R., BROADBENT, C. J., MARTM, T. W., 
PARKER, D. J .  et T. D. BEYNON (1995). Proceeding of nuidization VITI, Tours, 
France, 3 1 9. 
SINCLAIR, J. L. et R. JACKSON (1989), Gas-Particle Flow in a Vertical Pipe with 
Particle-Particle Interaction, AICHE J.  35, 1473- 1486. 
TANNER H., L. LI et L. REH (1994), Radial Profiles of Slip Velocity Between Gas and 
Solids in Circulating Fluidized Beds, in Fhid Particle Technologv, Weimer A. W. Ed., 
New York, AICHE Symp. Ser. 301, pp. 105-1 13. 
TSOULFANTDI S, N. ( 1 983) Memurement und Detection of Radiation. 
TUNG, Y., ZHANG, W., WANG, Z., LW, X. et X. CHING (1989), 
McGraw-HiIl. 
Further Study on 
Radial Voidage Profile in a Fast Fluidized Bed, Eng. Chem. and Metailurgy 10, 1 8. 
VAN SWAAU, W. P. M., BUURMAN, C. et J. W. VAN BREUGEL (1 WO), Shear 
Stresses on the Wall of a Dense Gas-Solids Riser, Chem. Ei~g. Sei. 25, 1 8 1 8. 
V.4N ZOONEN, D. (1962), Measurements of Difisional Phenornena and Velocity 
Profiles in a Vertical Riser, Poper Congr. Europeun Fed Chem. Engrs. 3rd. London A54. 
VITTANEN, P. 1. (1993), Tracer Studies on a Riser Reactor of a Fluidized Catalyst 
Cracking, Ind. Eng. Chem. Res 32, 577. 
WANG, T., LIN. 2. J., MU, C. M.. LW, D. C.  a S. C. SAXENA (1993), Pmicle 
Velocity Measurements in a Circulating Fluidized Bed, AIChE J 39, 1406- 1 4 1 0. 
WASSERMAN P. D. (1 988) Cornbined back propagatiodCauchy machine. International 
Neural N e ~ k  Society 1988 First Annud Meeting. Boston sep. 6- 10, 43. 
WATANABE K. S., HIROTA L., HOTU L. et HlMMELBLAU D. M. (1 994) Diagnosis 
of multiple sirnultaneous fault Ma hieruchical mificial neural networks. AIChE J. 40, 839. 
YANG, G.. HUANG, 2. et L. ZHAO (1983), Radial Gas Dispersion in a Fast Fluidized 
Bed, in Fluidization, eds. D. Kunii and R. Toei, Engineering Foundaiion, New York, 145. 
YANG. Y., TM, Y., W, Z., WANG, 2. et D. BAI (1991), The Radial Distribution of 
Local Particle Velocity in a Dilute Circulating Fluidized Bed, in Circularing Fïuidized Bed 
TechnoIogy 111, P. Basu, M. Horio and M. Hasarani, Eds., Pergamon Press, New York, 
20 1 -206. 
YANG. Y. L., JIN, Y., YU, 2. Q., ZHLI, J. X. et W. T. BI (1993)- Local Slip Behavior in 
the Cirailating Fiuidized Bed, AICHE Symp. Ser. 89, 8 1-90. 
a ZETFREUS, B. (1996), A Theoretical Mode1 for Gas-Particle Contact Efficiency in 
Cirailating Fhid Bed Risers, Pm. Tech. 88, 133-142. 
ZHANG, W., TUNG, Y .  et F. JOHNSSON (1991), Radial Voidage Profiles in Fast 
Fiuidized Beds of Different Diameten, Chem. Eng. Sci 46, 3 045. 
Annexe 1: Revue de la littérature 
L'article de revue de la littérature a été publié dans un numéro spécial du "Canadian 
Journal of Chernical Engineering" voué spécialement aux lits fluidisés circulants. Il se veut 
une revue compréhensive des travaux de recherches sur l'hydrodynamique des lits fluidisés 
circulants. Le sujet est vaste et tente de rejoindre tout les aspects couverts par différents 
auteurs dans ce domaine. 
Hydrodynamics of Circulating Fluidized Bed Risers: A Revien 
' ~ e ~ a r t m e n i  of Chernicul and Petralcum Engineenhg, L'nivcrriry of Calgo?. 2500 tiniveniry Dr. N. W., 
C O l g q .  Albti.rrr. Conodo 'I2.Y 1 'Y4 
'Lkpamntnr of Chunical Elrginrrring. École Polyrechnique de Monfrid C.P. 6079. Suer. A. 
Lfoncdaf. Québec, Canada HJC 3.4 7 
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An) vesse1 in whah salids arc mnsp~,d u p u d  by a g ~ r  S m  ud then racyclcrl ro the kxtorn m y  be chified 
a C i y  fluiûued Bad (Cm). WC cLcscnbc pouibk CFB opr;nrng m rtw amfeu of this broad cluuficslion 
and highlight commetcd p m c w  chat cmploy Cm Cdn~logy  rnd poccnual rppliciuoru. Raeis design ud dcvclop 
ment rquirc a fidmwnril undcrwJnding of  gar and wiids h y d d y r u m i a  - soli& hold-up. e i n g  and vclocity 
diwribution. Wc d k w  mhniqurs uscd to measure sot& rmu flux. which is a cntical pYYnetcr for both design 
Yrl conuol. in ihc 1- decade. s i g ~ f m t  rncareh effonr have bstn âcvocsd to ntur cxpcnmcrruI f a h n i q ~  to masure 
both p ami sulidr s& and rcmp>d disuiburion. We list that tcehniqua yd d d  the dtffercnt modehg Ippmytia 
tha have m ~ r g t d  bYbd on rhr nov daa. Ch;urtcnraùon of rht dam is stiII incornplat and Lhe wdable models rguire 
f\inhcr r e t i m  m dmbiy praircc chc e f f a ~  of d e .  opmllng coiditiom yrl prtkh CtUKtaktk~ oci hvdrodynunia. 
aslsolid ttac1on arc critical to nurnerous induvia1 
processa in kt chemid. ~ctrxncmicd and metal- 
lurpical industries. in the mnutacnire of fine pwders and 
cemics  and in combustion and envimilmental rcrnuiijtion. 
One spccific type of gy/soEd m n o r .  the Circulating Fluid- 
'3tb B a i  (Cm) is iinding sipificant apph-at;om indusmally 
b u s e  o i  irs rra. inu;.n+ic prop:rcirs such as efficiency. 
-.donai Pcsodip and overd piofimbility. Ti& CFB con- 
o k t s  of a r ixr  in which a sir-wlid suspension is mmpo~tcd 
u p w d .  Thc NO-phase miixrc rs sepan:ed at t ic  top of 
the riser and soli& arc raycied ro die botmm via a sand- 
pipr and othcr ancilliuy quipmcnt. such as suippcrs, 
rqenentcrn an5 extenial hem cxcimgcrs. -4 sch~mt ic  
repracnutim of two cypcs of circulting fluiaized bcd is 
shown in Figues 1 and 2. 
The tcrm circulating 3uidired bu! w u  first applied to 
aiunina calcinen (Reh. 197 1 ), bu! m y  othcr syncinyms 
Lve b e n  u . 4  to k r i b e  this systcm: fast fluiducd bcd. 
n x r  reiîcros. enminui M. trampon k d ,  p~cumtic  uans- 
pm rmctor, mireuhting d i &  riscr. highly expandcd fluid 
W. dilule phase uanspcirtul M. t r m s p r ,  tinc r t amr  and 
supendcd catalyst bed in cocunefit g3s tlow. We will use 
the tenn CE% lhfoughout :O dacriLu gcnci,cally the above 
systems. In Lhis revitw. WC ~ZXC'USS ~nrrill~ic c ~ 1 : c n s t i c s  
of the CFB rixr and highiight commercial pnicesses that 
tmploy rhir technolou=. md appiicarions bat have h n  
patenttd or identiticd iri the iitcnntm. CFB process design 
and devclopment rcquircs 3 g d  undcntanding of gas and 
soli& hydrodynamics - h c  cffca of opcming conditions. 
scaie and panicle cfiu3~~cristics on solids hold-up. g;rs and 
soli& mixing and veloci'y profiles. Generally. to masinizt 
profitabiiiry. gy and solilss rcsidencc tirna arc cho-n to 
achicve the highest pmducr yicld prr unir of rcactor volume. 
Solids midence umc is a hnction of suspwon  dentity. 
solids m a s  flux and rise; heigh;. RIKI hcight 1.5 ~cnenlly 
set to achievc suficient pressure buitd-up to circuhu solid\ 
at a hi$ rate. High gas velocitta a d  Icw solids hold-up 
arc preferrtd in sornc applications ro rnirùmizt comprcssor 
costs. Howcvcr. ;'or msny cacaiyuc reactiom. lowcr gas 
velocitiu m y  be prefcrrd ixqacse bey g;ve highcr solids 
hold-up. rhus mximuir.g specific activitp per unit volume. 
Many hy4fodymmk mcdels havc ken  pmpsed u ch&%- 
tcrize the relationship berwttn solids hold-up and gas 
vcloaty. SOU mass flux. rivr gwmecq and panicle c h -  
teristics. WC Idopt ifie ckiricaion of Harris and Dwidson 
(LW) d group thcm ~nto ifim categoitcs: Type 1 rnoc(e1s 
prrdict ody  sxid d i &  suspsion densiq; Type U modcb 
chwxtcnzt bath radial Ywt aùal soli& hold-up yid velocity 
profiles; and. Typ. Iii r d c l s  crnploy the fundamenta! 
quaiicns of fluid dynsmiis. Ir. ordcr to d i s a  the mens 
of thcsc differcnt m d d s .  WC fint outliac the differcnr 
opcrating rcgimcs ior CFB nxrs. 
Despttc the long hstary of CFB rcxarch and thc signifi- 
cant aûvances in the rneasurcment and chracterit;ition of 
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c.i ~ i <  cross-scctionai area. Fast rtictions ut &y swtoj for CFB 
nsers. CFB îahnolopy pmvtdes unique capb i l i t i e~  for 
p- in which high scleccivities are sscntiai. coke 
II formauon or sorne other poisoning mechaisrn is rapd. 
l 
pfug flow is desirable (i.e.. wherc produa inhibition or 
!\ degradation U signifiant). or mcrions whenr the soli& arc the pnmuy rcactant anû n c d  to k wiihdrawn c m ~ u o w l y .  - ! i \  
Aithough for avtr 50 this yem, ode taof indusmal contacting appiiation has betn a cormerctalitod the producti n
Cr. I hi of chernicals is limited to the partial &dation of n-butane IO maleic anhyhtk ( C o n m  a al.. m). Maay pmcs= h m  btui patentcd lhat ciaim ~bstantiai  advanages of b s  
i I conecting Rgime w more conventional Fuad a d  fluiduad 
' "  
btds and include pznial aidation of alirYits uid dkcriu. 
sbAar-~;c17  cpaxidation. d&tion and mrc ruenlly oxihtirc 
dthydrogcnasion (sec Table 1). Hinwcvcr. they have not b n  
%aCw :rrC . . com7rotulued b u s e  of a nwnbcr of h,lorr assocPt4 
Figure 1 - Fixed Invmtory Systmi y p i d  of CFB conbunon 
wnb rhc chirr#tcndc a x d  voidagc profile. 
Figure 1 - Vuiablc Invartory Sy- typical of FCC with the 
ciuracurinic axial voidagc profile. 
dK soli& hydrodynamics. xveral arcas necd more attention. 
Gas hydrodynamin have b e n  studies to some degrtc but 
d e - u p  criteria am not very robust and requirc more 
amtion. We conclude rhis rcview with suggestions in many 
areas that need funber rtstarch. 
Applications 
The fint documcnied application of gas-solid contacting 
in a CFB occuned whcn a consortium of companics. l a i  by 
the enginen of the Standard Oil Dcvcloprncnt Company 
(now h n ) .  designed Ihe fint commercial Cuid catalytic 
cracking (FCC) unit ai rhe Baron Roup rrfinery in 1942 
(Squires, 1986). Sincc ~hat time. four other indu~trial appli- 
cations have betn dcvelopcd: Fischer-Tmpsch rynihesis in 
s)nthol rcactors (L950's). uilids proccsring, incfuding alumina 
calcination (1QKl's). high tunperaturc o p e d o n  which com- 
prises combustion (880's) and paniaI &dation hr  rht 
produaion of chernicals (1990's). Table 1 nimmuizts appli- 
cations of CFB r tamr cechnology and relevant rcfcrcnca. 
Operationai fluibility is o h  cital as an advanage of CFB 
rextors over conventional iechnology. Chber citcd advan- 
tagcs inciude good gas-soli& conia~xing at shn raidence 
times (typially less chan 10 s). excellent hcat and mass 
uansfcr charaacristics. staged addition of gas and soli&, 
g d  turndown capability and high throughout pcr 
with new process developm+nt: scale-up uncurauity. process 
cquipmcat axaplnity. necd for amition rcsistant utalyn ;Jid 
large d e  rcquircments to j d f y  pmce~s aconornia. 
n i e  two main opcnting panmeim in CFB systans arc 
Be gas superficiai velaci? (Il,) and the overall soli& inass 
flux (G,). Typidly. risas operate at p s  velocities u d -  
ing 2 m/s and soli& mas  fluxes p a t e r  rhan 10 kg/rn2 - S. 
in combustion and orhu noncatalytic gls-solid irn~ti~:i .  
the soli& m a s  fluxcs are g d l y  l e s  than 100 k g h '  - s 
jnd p w h  Sclonging la the Geldan Gmup B classifia- 
tion arc usai. These opuating conditions are sipificantly 
ciiffatnt from cvnlycic rpphcions. w k  solids m a s  flua 
of mer tSO kg/m2 - s are rypical and Geldm Gmup A 
powden arc usul. Table 2 shows the rypical operaung 
charamrisua of both types of unirs. showing that the cwo 
main applications of this iathnology differ widely in borh 
design and opentional charactcristics. 
Idcaily, CFB risers oprate at a rrlatively unifonri rcmpcra- 
m. whKh is whieyed and nraintainad by a hi& solids rcqcie 
atc raxwing the inmtory of the Ntr. Catalytic muions arc 
-y ~ m e d  ait P1 h ~ v d y  !UW umperanirrs ('s 
6 5 0 ' C ) r s c o m p a n d t o ~ p o o c s s c s ( > 8 0 0 ' C ) .  Lnr 
taipcnatrr opention pamits w of mecfianid dcnaer 
l o c o m r o l t h t u i l i d s ~ f l ~ ~ . F o r ~ o a i b u a i o n ~ . d K  
rauisamaollcdbynon-mcchanicaldtviats. 
What gas is inPoducd Ihmugh a suitable gas disuibutor 
at the base of a column conuining solid particles. diffcrcni 
hydmd-c ngimes can be observed, depcnding on the 
panicle characuriaics anci the magnitude of the gas super- 
ficial vdocity. Whui the gas vdociq is i n c r d .  the 
rrgimes wüi change from rfiat of a pod;rd bed CO du bubbling 
bed. to slug flow, to the turbulent rcgime. to fut  fluidiza- 
cion and cvcntuaiiy m p n m y k  uanqmc. Many sadies have 
bœn conduad to chancrtnzc the flow rtgime uansitions. 
as summvUcd in Kuaü i d  kenspici (1991a). The foUow- 
h g  dixussion on the physicai charaaerization of CFB rixn 
a s m a  chat solid partidci uscd in rhe fluidued systcm 
belong to utha the Gmup A or B of the Geldart classifia- 
tion and rcfers to the b lak  diagmm rcprtstnted in Figure 3. 
ïhis diagram sctumatically illusuates the regima of opera- 
tion of gas-solid fluidizcd contactors in acccrdance wirh the 
initrpretation proposed in the prtxnt review. 
The onset of fluidization is typically c h a r a c l c d  by rhc 
minimum fluidization velaity (UIJi,  or ihe gas superficial 
vclocity ai which the gas-panicle mixture s w  bchaving 
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Figure 3 - Ruidiui~m rcgimcs with ch*fae(rristic transition gas 
r c l a b a .  
in a liquid-Iike manner. According to the w e p h a x  theory 
of fluidization. as Ud is ucadcd. gas bubblts rnay appcar 
throughout the bcd enhancing the dcgrce of solids mixing. 
A bubbling fluidùd bed is characterizcd by a gas-solid 
rnixrure wherc the solids arc Lhe continuous phase and the 
gas the dispcrsed phase. As the gas supcrfi&al velociry is 
i n d .  pmcles may becorne rnuainad by the ps mcam 
Icaving the top of the bed. Depcnding upon the length of the 
fretbwd region abovc the bcd, panides may leave the 
calurnn. Cyclones are inmilcd to raunr eluaiaccd soli& back 
to the bed. Conceptudly. a bubbling fluidired bad quipped 
wich a cyclone may k considercd as a circuhting fluidued 
M. 
When the incrcasing pas superficial velocity readia a cer- 
tain critical value. U,. the bed is said to becorne turùuient 
(Chchboum a al.. 1W).  A anbulent fluidized bed is chamc- 
te& by rwo different cocxisting regions: a lower region. 
wherc the solids are the continuous phase and the gas the 
disperscd phase and an uppcr region. whcrc the g& is the 
continuous phase and d i d s  are disperscd. Under 
these conditions paniclc carryover rhrough the top of the 
column becomcs more significant. Figure 3 indicates that 
the opcrating regirncs beyond the transition velocity. LI,. 
will follow two differcnt palhs depending upon the design 
of the CFB systmi. Le. whcther or not rhe solids mass fiux 
is a dcpendcnt or independent operating variable. corre- 
sponding to ihe operation as a fixed Inventory Synem (Fis) 
or a Vanable Invcntory System (VIS), respectirely. 
Fiprc  1 and 2 illustrate the difference bctwccn RS and 
WS dcsigns as outlined by Kobro and Brercton (1986) and 
Kunii  and kenspiel (199Ib). niere is no amaollable solids 
sorage invcntory in a FIS: xtting the gas velocity and soli& 
chargod IO the remor cstablishes the solids hold-up in the 
rixr and solid mass flux. In a VIS. an additional v e s ~ l  is
locatad in the m m  lq: gas vclocity and m a s  fi ux arc varicd 
io achieve a desired solids hold-up in the nxr .  However. 
for Ae camc powde: and rixr gton;et.T. the prcswrc dro:, 
in hl:y devclopcd rcgion (he  section af thi: riscr awrj from 
enimce or end effect where the nydrodynmic paramcicn 
are !nvaria?t with height) in eirher des ip  should k thc wne 
whcn operateci ai the same mass flux a d  gai vcloc:~-. 
If the soli& m a s  flux through a nt:bu:ent fluidizai W 
is nct an rndepcndent variable. the vsiem may bc defincd 
as a fIS ~rbulent bed. The tirnt avcragcd axial distribution 
of the solids suspension densiry is r y p i d y  charanerizai by 
a sigrnoidal profile. shown in Figure 1. approximrciy 
consunt dong the dense bai and cxponentiaIly dcrayu.g 
dong the f r e e h d .  
W h n  the g s  velocity rcaches another spc:fic value. the 
onset of fast fluidization is observeci. This rezime is charac- 
tcrized by only one rcgion: gas is the continuous phase md 
d i & .  ryp idy  moving apward in t!e centre and dcwnward 
ai the wall. arc dispcrsed. Under thcsc conditions. the Umc 
averagtd axial disaibuton nf rhe b a i  densip is charactcnrcd 
by ar. otponcntiaüp d e y h g  poriïlc h m  ihc cnrrancc region 
to the !ocauon where fully developed flow conditions are 
achicved. as illustraiai in Fiyre  2. A pneunutic .ansFr ,  
reanor is characterizcd by 3 rcn dilutc g s  saiid flow (gas 
is the continuous phase) wirh lialc or no panicle backîYow 
a1 the wall. Bi a al. (199)) de fine b a c  vcloci tia that charac- 
terizcd the transition to this regirne. only one of whicb is 
stable Ua. The other w o  velociùes del;ncare transiuons 
inio unsable rcgimcs induced by blowers. standpipes or riser 
gmmcuy. 
In a VIS the optrating rcgimes of the CFB system m y  
change as illustrated in Figure 3. Whcn Y., is reached. the 
regime changes fmm a VIS turbulent bed to f't fluidïza- 
tion. This may bc tnie as long as the imposa! soli& macs 
flux docs not e x d  the samntion sarryiag capaciry of the 
gas. which Geldan (1986) defines a s  the solids loading that 
causes the gas-solid suspension to collape into dense phase 
or slugging flow at the bonorn of the columm. Othewix. 
the transition will occur a higher gas superficial vclociry. 
and die transition velociry U,, will bc a funclion of the 
imposai soiids m a s  flux. Simdarly to a FIS. Bi et al. (1%) 
defined thrœ velocities to charactcrize the change from 
fast fiuidization. Oncc again. only Ucc ch3r;icterizcs the 
transition into pneumatic vansport regirnc. Uc, is also 
otpected to bc a function of G, whui the im@ soliris tlux 
cxcecds the saniration carryinp capacity of the gas. 
Surnerous publications dm1 wilh the expcrimer.bl deicr- 
rnination of the transition velociiia betuecn bubbling and 
turbulent fluiditation. and between mrbulcnt and fast fluidi- 
zation (c.g. Schniulcin and Weimtcin, 1988; Pcrales ct al.. 
1991 ; Brercton and Grace. 1992; Chchbouni et a!.. 19%). 
A more cornprehensivc list is providcd by Chchbouni et al. 
I iW4). AdJi~ionaI rcxarch is nctdai to bcncr define the gas 
transition vclocities in he  case of a VIS. in accordancc with 
the propusai repime formulation of Figure 3. Perala et al. 
( 1991)  and Chehbouni et ai. ( 1994) dcmmined the m i t i o n  
wlocity ro fw Ruidkttion for 3 fixai inventory synm baxd 
on data for the timc to mpty the bcd in the absence of sotids 
recycle as a funaion of the gas superficial velocit).. 
CFB opemting rrgirnu have been defincd in several 
diffcrcnt and controvcnial ways during the pst decade. 
i ' m u h h i  ami Cankun (1978) &fincd ihr CFB as a Ouidized 
b a i  operating at pu velucitics excceding ttic minimum nans- 
pori velocip. Kwauk et al. (1986) and Takeuchi et al. (1986) 
s n t d  that an inîledon point xparating a dense phase at the 
bonom from a dilute phase at the top of fhc riscr was 
n e c e s . .  . Rccencly. K a n i  and Knowlton (199 1) suggesidd 
t h t  the fast nuidkation region a n  bc defined by cwo 
tmicion velocities for a givm soli& m a s  flux; the choking 
velocity. and the velociry comsponding to the minimum 
pres~urc drup on the bP vs. U, diagram (omet of pneumacic 
transport). Yang (1994) defrned the incipient fast fluidk- 
non velociry as the velociry at which the soli& s tm to reflux 
adjacent to the wall to fonn a dense phase at the b m m  of 
the rixr. On the basis of the qualiutive description of the 
opemion rcgimcs of fluidùtd bed systans p m p o d  above 
in Figure 3. a CFB can bc defined as any s y s m  (cither FIS 
or VIS). invoiving s o l i  m5mkuion. apcmhg at gas veloc- 
iucz t x c d i n g  II,. It may k bpenccd under turbulent 
fluidkuon. fw f lu idi ion or pneumatic transport rcgimes. 
This broad definition is consistent with many exprimenui 
thsmmions reported in die iiteraatrr dealing with ihe general 
a p p m m  of the bed and disamcd lattr in the prtsenr vitw. 
In dUs paper. du discussion f a - w s  mainly on qsrems when 
the gar velccity and soli& m s  flux are indcpcndec: vari- 
able (VIS). and concenuaies on the fast fluidization regime 
which is o k n  difficult to clearly characterizcd in vie= of 
the compleucy in the dcfhtion of the regime bou~d~ies .  
especially in the VIS operation. 
Most of the work rcponed in the literanire d&be 
hydrodynamic of mail  scale risers - 3 to 15 m d! 
h m  0.02 CO 0.15 m in diameter. In parricuhr. the exit 
configuration. cithci s1M>Otfi or abrupt, has led to different 
expcrimcnta: findings rtlaccd w the gas-solid suspension 
densifies. Also. v ~ i o u s  configurations of the wlids rchjec- 
Uon systcms at the base of the r ixr  have betn used by 
diffcrcnt authon (L-valve, V- valve, J-valve). In summary. 
a word of caution is necded ngarding the exrapolation of 
findings obtiintd w i ~ !  a specific configuration ta risen that 
are geometidy dissirnilar. 'lhe followiag $&uns will 
aûcmp: KO genedizc ihe exprimenial d t s  availab!c in 
rht litcmurc. and u, prov;de guidelira for a &&te inrerpre- 
Paon of expxhcntal daa. for r k x r  understanding of the 
complex frantres of CFB risers. 
The gas-solid suspsion dwsity wirhin rhc cxr is gready 
influmed by both gas ss~perficid velwiry and soli& mas$ 
flcx, and h f o r c .  rhese -g panmeters dircaly affect 
hcat tramfer. rrvs m f e r ,  and ciumical d o r .  ratcs. The 
wnuol of the solids masj flux is achicved 5y vaqing the 
cpctating conditions at rhe Ievel of the -!iris rcinjcction 
system. In the casc of mechmica! v d v a  (cg. slide valve). 
the valve operation con*mls h e  sou w s s  uwgh the CFB 
locp. Mechanical vaives have mvinp pans  which are not 
suitable for high tcmpraairc zpplications. but have the 
advancage of kncr control oi soiids ctrr-ulaiion. and  th^ 
ability to aciucve hgher solids m y s  iluxts becausr: of a Iowcr 
pressure dmp. Ln the case: of non-mhaniral valves. the wlid 
mass flux is controllcd by aention of the standpipe. Solitls 
flow thmugh non-mechmical valves ss a result of drig on 
the particles by the acration gss Son-mechnical devires 
we only acration and piping geornetry to control chc flow 
rate of soiids. have no moving parrs. are inexpensive, and 
can bc manufxturcd asily. 
Accunte measurcment of gss superficial velocicy and 
solids rnass flux is criticai in espcrünental investigations of 
the NCr flow s ~ c t u r c  X) th3t rcsults of various resarchers 
can k comparai. Howcver. q u t i e i n g  the solids mass flux 
is problmiatic. Ideally. it should be on-line and crsily 
cahbrated. e.g. for gas velocig. A number of differcnt tech- 
niqua have been developtd and testcd to provide a rcliablt 
method for mur ing  and conlroUmg Ihe solids mais fluxcs. 
Most of rhac melhods involve derermining the solids m s  
flux basd on the particle velociry in the downcorner side 
of die CFB. Burke11 et al. (1988) rcviewed sorne of these 
techniques. which included: closing a pmncablc valve in the 
rcturn Itg and timing the solids accumulation. timing the 
d tx tn t  of identifnbte particles ar the standpipc wail. 
rccording the force imparted by remming pariicla JS ttiey 
Fall dawnward from the cyclonc. mcawuig the p ~ ?  drop 
across a consmction in the rcnirn loop. and cstirnating the 
solids flow from a hear balance on a calorimetric section in 
the standpipe. They conclude Lhat the fint two methods. 
while easiiy calibrateci. arc poor on-line techniques. ï?tc 
nmaining methods provided adquate on-Lne rntasurcment. 
but carcful calibracion was nactssary . For insrance. the meas- 
u rnen t  of the time of descent of particles at the srandpipe 
wall m y  appcY to k a simple and accuntc caiibration icrh- 
nique. Howcvcr. Patience and Chaouki (1991) showcd chat 
wali veIocitiu w m  ryp idy  M f  ihe bulk velocicy d c u -  
lacd based on the mean rtsidence tima of thc particle in 
the rcnirn kg. Milne et al. (1992) dtscribed a new tcchniquc 
for masuring the soli& mars flux in whish a ngid horüonral 
x m n  attachai ro a v e m d  rod was dropped inro che bulk 
flow of the moving packed bed in the loG& renrrn kg. and 
the timt rquired for the tip of the rod w mvel a prcscribed 
distancc w u  determiad. A sUnilar method was employai 
by Kuamoto et aI. (1985). Such techniques. rhough [LW 
curnknome fcr on-linc rneasurcment of solids mass flux. 
provide iu~ cxceüenr mchod of dibration. 
Patience et al. (1%) providcd a atxnption of an alter- 
native. on-Iinc mcthod. baseci on mcasuremcnrs of pressure 
drop in harizontal section of the CFB loop :omecung the 
top of tk riscr and the prima- cydoae. as well as dcng 
the r ixr  itskf. This mehd was shown to bc reliable, 
non-intedering and suitable for applications involviag high 
tmpcnt*ms ard l u g r  scdc unis. Dry c: d. (i994) 
consi&rcd four pxiitle di ffenaual- pnssurc drop rneasurc- 
mnt s  in a large-=ale coId CFB, and found rhat the 
riser mid-xction or r k r  toc diifcrcntd pressures were the 
nmst w h l  F~crcrs for on-linc mcPsurcmea. Prusure 
gradient ~ ~ c u r e m e c ü .  whch cyr casily k pcrforrned along 
CFB risers. provide a clcar indication of .Sic devtloprncnt of 
the tlow and, in p c u l a r .  of the arcial location along the 
riscr wfitrc the flow a n  bc considercd fully developed. 
~umspandiig ro a pruntre grjdienr which is invariant with 
hei#.t. Patience acd ChaouLi (1991) sugpcstd ~ ! t  the 
radi~ctive n c c n  codd k thc m a t  direct. non-intedering 
technique to mcisurt solids mius tlux. On-:inc calibration 
using radioactive cracen would givt a sensitive and reliabit 
methoci amenable to any d e .  
The gas .d solds flow st;umrc in CFB mers is 
inherefitly vcry cornplex. -4s z result of this corr.p!cxity. 
accuBtc elpcilrncnbt masurementi are difficult and 
arcmp;s at hydrdynamic modelling Pave not beeri entirely 
succa~ful. Pisen cxhibit an axjal 4iJs hlJ-up distnbution 
showing a ccruin degrcc of densification i f  the h n o m  of 
thc column whcrc L!C soli& rm 1ntr3rfuced from ~ 9 c  stand- 
pipe. TIC soli& hldrip dccruszs danp rhe r.'cr as rhe rlids 
are accelcrated by the hyh \e!xip g i s  srrcani. P;o\iCed 
ihc rixr is long ciiough. fully dcv:lo@ fiow conditions will 
ts rtachai concsp~nding rn 3 S O ~ ~ C  Mldup wnich is apprcù- 
nutcly invariant with ieighi. Some r i ~ r  exit gnmemes 
erihancc local backmxinc or intrnial ro:irculation at rhe 
top that resulls in ui incre;tx in lie sussnsion dcnsity. 
Gperimcnd &sen atios, clarty  ihnw chat itie slip veloci- 
tics in CFB rixrs, detinai as ihe differencr bcrwccn inter- 
sbtiâl gas ve;ocity and p;s'tck velociq . excecd singe particle 
terminal velocities. 
Several mdclling efforts making vxious arsurnptions 
rtgarding the gas and ~ l i d s  flow s ~ c n i r t  and employing 
very diflemt mathematical fomulations have appeared in 
the reccnt Eterature. Harris mC Davidwn (1994) classified 
the variety of models t h t  hauc beta published into threc 
broad groups: O those rhat prdict ttie axial variation of the 
solids suspcnsion density. but not h: ndid  variation. {II! 
&ose chat predict the radd vxiation by assurning rwo or 
more rcgions. such as a r c - w u l u s  or dusuring annulx flow 
modcls. 0 those th;;[ employ the fundamenmi cquations 
of fluid dynamia to predict w o  p.hc gas-solid flow. As 
discussed by Harris ana Dsvidson ( 1994). the amctivenes 
of the type iIl modeb is in &eir generaiiry and abiliry to deal 
with c~mplex gcorncmes. but the nanrrc of Ihe conrtifuent 
equations for rwc~pha.5~ pas-soli& fiow mus bc questioncd. 
and fhe numcrical complexity alone ofien discourages thcir 
use. R o p o m u  of rhe 1-pc 1 and ii rnodels cite case of 
understanding and 9sage dong wirh gencralty very good 
agetment with cxpcrimcritd &ta as the main advantages. 
However, dcuaaon zrpc  (h31 che assumptions of the flou. 
srniaure associatcd with such modefs ovenimplify the com- 
plcx cxpcrimentally otrxrvcd flow pancms. One imponant 
considenrion in sclccting a modeliing qproach is iû inwdcd 
application: type 1 and II models rnay be b u t  crnployd as 
design twls to invatigatc the cffeas of opetaring conditions 
and rixr dimensions on the rixr flow smcnrrr. In addition. 
they may k casity couplcd wrth rcaction Linaie models to 
simu!aie the performance of CFB rcactors (e.g. Pugsley et 
al.. 1992: Patience and Mills. 1993; Bolkan-Kcnny et al.. 
1994). Type I I I  mdcir. on the oher hand. arc well suitcd 
to investipic rhc r i w  local flow smcnire and the impact 
of gcometry. such as the corner cffccts in CFB cornbuston. 
or unique inlet confi_mir3tions such as those smdid by Pita 
and Sundarcsan (1991). The thret classes of models describal 
may k funhcr charasrcrizcd by the mathematicai appmach 
takcn. This charactcrization is obvious for type il1 models 
in which a systcm of quaiions conoins ifie continuity, 
momcnnim. and p x u d o - t h e d  cnergy balances. and 
constin>tivc rekiions are wtvcd. Howcver. types 1 and II ma' 
involve the use of correlations bascd on cxperimcntal data. 
refend io as the "lumpcd approath". or a combinaiion of 
corrdations and fundamental rclarionships. 
Figure 4 - Axul  roidage profiles (Kvauk a al.. 1%). 
Many studics have appcaîcd in rhe lierature d d i n g  wiih 
axial solids disuibution dong CFB r i x n  (e-g. Yentshalmi 
et al.. 1976; Kwauk et al.. 1986: Arena et al.. 1W1; Bai 
et ai.. I992a). Ir is most ofttn reprrented as either a plot 
of the radidly avengcd solids suspension derisity or voi&gc 
venus height as shown in Figure 4. This pmze is upcrimai- 
rally determincd from the pressure distribution dong the 
riser, recognizing chu ihe swpended soli& constitutt the 
major conuibutor to the pressure drùp (Lougc and h g .  
1990). 
This formation ignores accelerauon, which is significant at 
the base of the riser as shown by Weuirtein and Li (1989). 
gas and soli& w311 friction. and gas densiry. 
The exnerimentai work of Yerushaimi et al. (1976) is 
gcnerally 'considercd as the pioneering acadtmic mdy  of the 
axial soli& dismbution in circuhting n u i d i d  bod risers. 
They d i d  the densification ar h e  riser base and pro- 
poscd several advanmges of operaung in che fast fluidization 
regime. Kwauk et al. (1986) dcrnonstratcd the coexistence 
of a dense phase at the bonom of the risa below a dilue 
phase extcnding to ihe top of the rixr. and provided a 
mathemarical expression for dtscnbinp the charantristic 
S-sb@ voi&ge distribution ihat lhcy experimentally 
mcasurcû. indicating rhe vague boundary benvœn dense and 
dilute rcgiens: 
( E -  C )  
1, A = (2) (2 - z,). . . . - . . . . . . . . 
(E' - E )  
wherc E is the voidage at the distance Z from L)ie top of 
the rixr. Z, is 3 characteristic Icngth. 2, is the height of rhe 
influxion of the curve. and &, and E*  are the limiring 
voihge of the dense and dilute phases. respeaively. They 
al- dcfined fast fluidiwtion as ~ h e  rcgimc in which the 
suspension density is ditute at the top and dense ar the 
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bonom. with an inflmion point in beween. The axial 
voidage profiles of Kwauk et ai. (1986) for differcnt soli& 
31 consmnt soli& mass flux. and differcnt g.~s veIocitics am 
dusuami in Figure 4. B a d  on this work. thcy showad chat. 
at a fixcd solids m a s  flux. an incrtase in the gas supeficid 
velocity cauxd a docrtase in thc soli& holdup. The voidage 
profits of Figure 3 aix, show thiu with incrtasing gas super- 
ficd velociq, the idonion point. z, first apptars near the 
rop of the riscr. then movtr downward. and evennulIy 
dis~ppean. In accordance with the earlier discussion rhis 
would reprcsent a transition through the CFB operating 
regimes. from turbulent fluidizafion Lo fast fluiditation. Thc 
profila at the lowcst gas velocities in Figure 4a. 4b. and 
dc rcpmscnt on CF3 opcraung under a soliris mass flux such 
rhat the ~ C N C  phase fills the entire riscr. Md the voidage 
profile is tssentially constant. At the highest gas superficial 
vclucitia, the exponential voidage pmfïie is prrsent. indica- 
tive of opemion in the fast fluidization rcgime. Ail othcr 
izttrmcdiatt velocitics, rrsulting in a point of inflxtion in 
the axial voidage profile, ye chi&ctc&ics of the airbulent 
fluidition regime. In d l  investigations conduaed wirhin 
h c  fut fluidiition regirne. experimcnul tvidautc ùidicatcs 
Ltut the sigrnoidal axial suspension dcnsiry profde is not 
applicable as the g3s supcficial velocicies used are higher 
than thc vansport velocity. U, Undcr thest conditions. the 
axul voidage dismbution is fwnd to have a typical profile 
k-ebcd by a sMplc expnuitisl dœay hinaion fmm the 
bac of rh; riser. evtntuaiiy ruching a mastant d u e  higher 
up iti &c colurnn where the flow kcomcr fully developed. 
Egurc 5 shows typiul profiles obraincd at a constant gas 
veiocicy and different sotids ntass fl uxts. Even the highct 
wlicis tluxes. the exponentially decaying profile is obscmd. 
Kunii and Laenspicl (i991b) treattd the dilut: region of 
CFB Ner  by exccnding encrainment mojtls &vclopcd 
Onginally for bubbling fluids beds. The r k r  is viwed as 
kving a lower region of constant buUc dmsity and yi upprr 
region w k r c  the bulk density decruses with height. Onct 
again. arcording the defuiiaon p r o p d  in ttic cumnt 
review. this modcl would ody be vdid fdr rixs operating 
in ttie airbufuit fluidiracion rcgimt. Thcy showcd rhat the 
dilute zone hcight should bc the same. in principle. for the 
samc ?as superficial velocity. soli& m a s  flux and cxrr 
configuration. irrespective of che column height. This porni 
has dm i o n  demonsvattd experimcntaily by Horio et al. 
(1985). However. Weinstcin et al. (1983) and Schnialcin 
and Wrinsccin (1988) showed that the height of the dilult 
rcgion may bc a hnction of gas vclocity. soli& mass flux 
as wcll as solids inventory. 
The mdel  of Rhoda and Gcldart (1986) extendcd the 
bubbling fluidueâ bed envainment model to explain the 
rypicai UlL-G,-U, plot for Geldan A powdcrs. Bolton and 
Davidson (1988) devefoped a sirnilar relation for the dcve- 
lopd a similas relation for the axial solids flux profde down 
the r i ~ r  wdl.  Yang ( 1988) modclled the dense p h  at the 
& basc denx phaSC pCum& -ri. With XInular 
region. and usal an available pneumuic tansport comhtion 
w mode1 the dilute rtgion in the uppcr section of the W r .  
The height of the interface krwetn the wo regions were 
deutmincd h m  a consideration of the ovcrdl pressure 
balance around the soli& circulaiion loop. A iùndamentaily 
differcnt approach was pmcntai by Uiang et ai. (199 1) 
which combinai Broumian motion wirh Random Waik thcory 
CO model rhe axial soli& voidage disuïùutioa. The d t  wy 
the familkir exponenciai rehtionships. one dexribing the 
voidage pmFile in the derue region. and one describing the 
dilutc phast voidage protile. Values for the limiting voidages 
and the axial location of the interface were determincd from 
prcviously pubIistied corrdations. Fujima et al. (1991) 
modelied the axial voidage pmtita as due to " c h  gmwth" 
or cIuster formation. Fidly .  Mon et ai. (1991) and Chai 
et ai. (199 1) developed cmpirical cornlations to predin the 
avcrqe axial voidage profiles. 
Spires (1986) relates that i: was mgnized  r t  an early 
swge of the mmmtrcid development of CFB nKn Lhat the 
relative velocity betwecn the soli& and gas - the slip 
vcIa-iry - could k grcatcr by two orden of magnitude with 
respect to the prtdicted by Stokes' law. Large slip velocitics 
resuIt in high suspension densitics fiigh soli& volume 
fractioo). Ptedicting the soli& volumetric fraction in a fuUy 
dcvelopcd flow svcam continues to bc a criacal parameter 
in Type 1 modtls. Modeiiing approachcs Vary considcmbly 
h m  overly simplistic to unnccasarily complex. Kunii and 
Laenspiel's (1995) modeb is an example of rhe former. 
ïhey pfo- that for Geldan group A powders the solidi 
volumcaic fraction in fuliy dcveloped flow is less thaa O.(.-. 
and that it is less than 0.01 for Geldart AB and B powdcrs. 
This mode1 daes not account for the dam published by 
Connactor et al. (1994) in which soli& volume fractions 
e x d n g  0.15 arc reportcd for a 27 m rall Mer. Kwauk 
et ai. !1986) devclopcd a mmlation that relates che solids 
volume fraction to a Reynolds numkr but rtquirts an 
itcntion techique o soloe the cquaaons sinct the Reynolds 
numbcr they use depcnCi on solids vclociry and volume 
f d o n .  Yang's (1988) pneumatic transport model expresses 
the parricle yeiocicy as the differcnce bcnVCC!I gas veIocily 
uid the panicle ttrmind vclociry muitipiied by a funcrion 
thal inclodes Be solid friction factor. Howcvcr. the comla- 
tiûns undetestimate the slip velocities and solidi volume 
fraction; slip velocitics are not ordcrs of magnitude grcatrr 
than the Stokes' law-tusai pa..riclc temimi velocity. 
Mamn (1976) observed that hr icauscrid FCC risers 
rhe d o  of L !  gas vclocio to soli& vclociq~ - rhc slip factor 
- was approximrcly qual tu 2. 
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Patience et al. (lW-) applid the concept of slip factor io 
experimend data in risen varying in diametet from 0.04 
io 0.15 rn and found thd a value of two was a good first 
approximation: it vancd fron 5 at vtlocities mu 2 mts 10 
1.6 at ?as vciociiies excetding 10 mfs. Ouyang and Poner 
t199tb) examined a largcr pool of experimental data and 
found mat ht abcrage dip factor was 2.6 with a siandard 
dcviation of 0.9. Patience rt al. ( 1992) proposed an empir- 
ical correlauon ro acaunt for the cffwts of paniclc charac- 
ienstics. n x r  diame:tr and gas velociry on the slip factor: 
wherc Fr is the Froudc numbcr and Fr, is the uJQD)".' 
Frouoe number k s a i  on r?x tcrrninal vclocity of a single 
pvriclc = V, / (~DJ'  '. R m & n g  Equation (3) in i e m  of 






High slip factors 4 rcsuits in high suspension densitics 
Eqwtion (4) indicatcs that densir). increases wirh inmasing 
panicle icnninai vclocity mC dacrases with gas velocity. 
As ihe gas vclocicj approaches p m i c  convcying, the siip 
factor approaches on<: and rhe slip velocity tends towards the 
single particle terminai ve!ociry. Equatirin (4) surprisingly 
predictc, ihat ht suspension density increases wilh riscr 
diameter. but Avidan (1980) and Bai et al. (1992b) rcponed 
the opposite uend wtii ces- to rixr diamctrr. In the lancr 
srudy, rwo unils 0.14 m in d i t e r  and 0.186 m were 
examinai. At a pas velociv of 4.4 mi's and a soli& m a s  
flux of 86 kp/m-. S. the solids volume f n d o n  was more 
han double in the larger diamctcr unit - 0.047 cornparcd 
to 0.01 7. In the former sfudy, Lhe sotids volume fraction was 
0.018 in a 0.15 diameter r ixr  at a gas velocity of 4.5 mis 
and a solids mas flux of 86 kg/m2 S. and 0.047 in a nser 
0.076 m in diametci. Boih studies amibutcd tfie increased 
volume fraction to the wall cffcct. However. Conuactor a 
ai. ( l m )  showcd that soli& voiume fraction d- w h  
additional "waU" surface. a k t  w f c r  tuk. is Uitroducd 
into the NCr. Funhcr upcnmaitai work and &mcuruation 
is required IO relate the slip factor to particle charactcristics, 
riser gtometry and opearing conditions. 
The slip factor correlation provides a g o d  check on 
expcrimcnlal mass flux mcssurments: if the calculatod slip 
factor. bascd on the expcfimcntal dam. approaches a value 
of one than eifher Lhc soli& mass flux is ovcrtstimatcd or 
the flow regirnc is pneumatic trampon. Values grcatet than 
fivc sugeesr h t  eirher the soli& mas flux is underesrimatai 
or cntrancdexit effccts are significant. 
Whcrcas Type 1 d e l s  account for i n c d  solids hold- 
up higher than prediccd by Stokes' law. Type Il modcls 
anempt io chaaacrize the solids distribucion ndially and 
uplain the rcason for the highcr solids hold-up. Yerushalmi 
er al. (1976) proposcd that thc increasd solids hold-up was 
ambutable to an agglomcration phenomcnon. called 
"clustering"; rolids coalexe to fonn a hrger pseuda- 
paniclc. The particle terminai velocip of rhe cluster is 
rufficiently high to account for the Iarge slip velocitis 
observai urperimcnrally. T h e  clusten arc dynamic. 1.e. 
they constanily fonn and disintegnte. Berruri and 
Kalogerakis (1989) explainal the high slip velocitks hy 
assuming ihat rhe flow domain consisu of NO characllrisric 
regions: a dilute gas-solid suspension preferentidly travcl- 
ling upward in the centre (core) and a dense phase of par- 
ticle clusten or suands, as shown in Figure 6. Riey assume 
rhat the slip velocity in the core equals the paniclc tcrminal 
velocity and tfist the dcnsity in the annulus is equd to chat 
at minimum fluidization. Their modei assumes ihac sofids 
descend dong the annulus at a vclocicy quai to the panicle 
ttrminal velacity. 
Smng radial supension density gradients have expcri- 
menraily bem rcported wirh a maximum at rhe wall and a 
minimum at the cenue. whidi agrets well with the corc- 
annular approximation to the flow domain. AI-. panicle 
velocity and soli& flux measurcments across the cross- 
section of risen arc approximatcly parabolic ndially. oficn 
with negiirive vciocitia dong the riscr wail. Downward 
panicle velocitics knween 0.5 and 1.5 mis have b a n  
mtanirrd uprimencally (Graa. 1990). Typical upward and 
downward sdlids flux and ndial particle velocity pmfilcs are 
illwaatts in Figures 7 and 8. 
Several differcnt types of probes have becn dcveiopai by 
various r#tarchen to measurc radial dcnsity profiles. 
puticle v$ocities. and soiids flux. These include upacitance 
probes (Brcmon and Gract. 1993). fibre optic pmbcs (Li 
et al.. 1991b; Rrh and Li, 1991; Horio et al.. 1988; Hmge 
et al.. 1988). iso-kintlic and non-isokinetic sampling probes 
(Rhodes et al., 1988; Solton and Davidson, 1988; Bodelin 
er al.. 1994). X-rays (Wcinsrcin et al., 1986). high spetd 
cintmatography (Takachi and Hirama. 1%1), I u r  Doppkr 
velocimctry (Yang et 11.. 1991). Pitot tuba (Bader t a  al.. 
1988). and rtcently a laser shcct technique (Kuroki and 
Horio. 1994). A sa of rhrat I l s t r  shotls i n t d n g  at right 
angles is applied ro sec the throc dimensiod stntchire 
of the suspcnGon. n i e  Limkiation of lhis uchnique is penc~a- 
tion of the laser when Ihe solids concentration is high. 
Disrmcc frcm Riscr Ccnrcrlrnc. cm 
F ~ y u r t  3 - M d  vc!ccity profila of FCC pawdcr in a 0205 rn 
diamnçr nscr L; = 3.7 &S. C, = 98 kglm2 s (Badcr n al.. 
198d) 
Tab!es 3-5 k t  experimend investigations relating the radial 
\oid fraction. solids vefocity. and solids mass flux profiles. 
Zhg et a!. (199 1 b) rcporting radiai void fraction profiles 
for fmr drffennt pwdcn  in thrtt diffemt risers up u, 0.3 m 
in diameter. have found th! the nomdirecl radial void 
iraction w u  a unique function of cadial disrance. The obscr- 
v3lions of Hcrb et ai. (1989). Mineo (1989). and Tung et 
aI. (1989) support ttùs observation. In Figure 9, Zhane e: 
d . ' s  data arc cornparcd with a correlation pmpoxd by 
Patience and Chmuki (1995): ccntrc!ine densitics are 
~ s u m c d  wual ro the average void fraction nid to the O. 4 
poucr. i.e. 
The expression pmposed by Zhang et al. ( 199 1b) wtirncd 
a powcr of 0.191: howevcr, this low p w e r  value under- 
estmaies the rrÿcss tlux 31 the ccnireiinc: 
G.. = Y, ( 1  - r,) C',, ........... . . . . . . . . . . .  (7 )  
htoncc3ux ci al. (1986). using a mxipling probe. obxrvcd 
u.hx bey caikd "simila; profiles" of soli& mais fiux. Thcy 
h w d  chat. ac a givm p s  vclociry. radial proftics of rcdwal 
mass flux (local d i d s  flux divided by cm-sectional mean 
sotids flux) changcd vcry linle wih changes in means soli& 
flux in the n x r .  Rhodes et al. (19923) w p p n  bis concept 
and rhcy proposai a mdcl capable of simulatrng solids flux 
prnfiles and linking soli& fiux. d i &  hold-up and soli& 
velocity. They sugpestcd chat the diidmess of the annulx 
rcgion was indcpendent of the soli& r n w  flux and only a 
function of gas vc l~ i ry .  The conductcd their expenmtnu 
in two mers of 0.152 m and 0.305 rn drameter. At highcr 
gas velocitics. the profila bcc3mc Icss parabolic in shape. 
and the thickness of the annular rtgion dccrused. In the 
Iargcr rixr. the profiles wcrc flaacr. and the rchiive 
thickncss in the annulus is Iw than chat observcd in s d l e r  
risen. The acnial thickncss of the downflow region wems 
comparable in large as wcll as in small risen. at a given gds 
superficial velocity. indicating rh3t this reverse itow 1s 
prtdominantIy a wall effcct . 
A cloxr examination of the radial pmfiles of mass flux 
rcponed by Rhodes et ai. (1992a) rcvcals that they arc. in 
frict. not simiLw. For example. as shown in Figutt 10. at 
fiu hightst mass flux of 63 kg/m2 - S. the reduced mas flux 
is grcarest at aimost wirr the avengc msss flux in the centre 
of the Ner. At ihc loweu m a s  flux. 2.8 kglrn2 - s. the mm- 
irnum mas flux is near the wall and the ccntrdine is aimat 
at a local minimum. Ir appearr that the idu  of a "shilar 
profiles of m a s  flux" may bc vahd over a vcp l imid range 
of opcnung conditions. Yang et al. (19911 rcpon vclocily 
profiles at differcnt heighis and show n signifiant variauon 
in the profde h m  the enrrancc region to the exit. fhus. if 
a u n i v c d  radiai soli& volume fraction profile eas& and 
the veloclity profile changes with hcight, the m a s  flux profile 
musc also change with height. as shown in Equation (6). 
Bodelin et. al. (1994) rtpon that the radial particie size 
dismbutions are esscntially independent of the solids loading 
for dilute gas-solids suspensions. Hisher solids mass fluxes 
rtsulr in incrrased inunial t~irculation of panicles. and the 
suspension nowing downward dong the wall contains a 
highcr fraction of coarse particles. 
Brzrewn (1987) ob~rved that the core-annular flou- 
structure characterizauon does not rake into consideration 
the fiucnrating nature of the flow. He proposui an inter- 
rnitvncy index to account for Lhe flu&ons. defincd as chc 
ratio of the standard dcviation of dcnsity flucruntions at 3 
givcn point to h c  st jndvd deviation of densiry fluctuations 
for fully scgregarai two-pharc flow havütg identical timc- 
mcan densicy a: the same point, It varies betwcen zero. for 
unifonn study flow of any mean density. and unicy. for a 
flow of the m e  densin, consisling of clusters of loosely 
packed parucles sumunded by p ic t e - f rœ  _p. &ed on 
this intqxcacian. the inermimcy i n d a  npidly d c c h  
in the corc rnoving from the bonrim of the riser rowmis the 
fully dcvelopal. flrlw region. whcreas ib -raluc remaineci 
consistently in the viciity o f h  -rJII. when. the scgregarcd 
flow w u  mainaincd dong the eiitire nKr. Those observa- 
tions secm to k more applicable w rijtrs whcrc Gmup B 
parùclcs arc employd. For Gmup A pamcles. rypical solids 
mass fluxes are large;. ~ ~ n r s p o n b n g  to Sigher average 
suspcnsion dcnsitier. Rniclc interactions. including intra- 
panicic forces. enhancc the clusering bebaviour and the 
intennittcncy index is ex@ 3 posscss isqer val?iu 
throughout the riser. Brmtor. et ai. (1993) describe the 
khaviour of Group A parcicles chnnigbout rhe column s i m i b  
m th;u of G m p  B particles at the b u  of the rixr. Systcmaac 
mcasurcmcnrs of clustcn sizes and chmctc ristics have 
k+n provided in the litcranire (cg.  Hono cc ai.. 1988: 
Arena et al.. 199 1). A criucal exurinaoon of the abundan: 
Hangr a d (196%) 
Wui Y ai. t 1989) 
U u n p  ci d ( l99i l  
Qian and Lr :lm) 
.Sarion wG Worlq ( 1 YQO) 
Murin u II. (1986. 199:) 
Bcrkw rnd Tulig (1986) 
Atu et rl .  (19911 
WeVuicur a al. (1986) 
&der a ai. (1988, 
H m i s  et d- (19941 
Yang a 3. (1991. 1993) 
Wang a d. (1993) 
Hartge et 11. (1988) 
Hono a ai. (19%8) 
Ishii u ai. (1989) 
Katoh a ai. (f993) 
Qun rad Li (1994) 
experimuital evidcncc on radial solids dismbution mggesu 
h t  ncither the corc-annular ffow rfieory nor the clusuring 
approach alonc can fuUy dcscnk riser gas-soiid hydro- 
dynamics. For uample. insruirananis capautanec probe c!am 
rapid pcnodic fiucruations in the suspension denstty, 
indicaiing interminent passage of dense clustcn. However. 
on a cime-average d e .  capacitance probe dafa obtaintd at 
xveral di locations wppon chc mrc-annulus approxima- 
tion. It is evident that bolh phenornena coexist and lhat a 
rigorous inttrprcration should cake inui consideration both 
duztas and a r c - d u s .  The aads in rhe li~ualurc uidiatc 
chat the cote-mnulus ihtory will likcly be the basis for 
improved interprctations in chc funire. Howevtr, dan of 
Contrrctor et J. (1994) indicaie that for rixn operaiing at 
soiids mass fluxes uœcding 400 k@mZ S. the pndominant 
flow pancm may no longer bc corc-mular. Undcr Lhuc 
conditions, ihe CFB mayk opcraring as a VIS turbulent bed 
with essui~ially constant radiai and axial profiles. 
Nakamura and Capes (1973) proportd chat for vertical 
soli& uuispon, whcn the gas vclociry is dccrtased or the 
Figure 9 - NodUed ndd void fncrioo pmfk (data ïfrcr 
Zhang a d.. 1991). 
FÏgure 10 - S i m h  radial mau flux profiter (Rhodts e< d.. 
19922)- 
SOUS loading is increased-appf~aching chokhg conditions - 
rht observexi U i r c d  rccirrulation of sotids may k &Ued 
as snnular flow. Howevcr, Horio et al. (1988) fdmg rbar 
rhis approximation was &le to prcdict thcir cxqrimaitaiiy 
observai annuiar thichers. and anribu~iag the drscrepancy 
a cluutr formation. modified the mode1 td k ludc  clustcr 
voidage and cluster trnninal velocicy. These quantiries wem 
calNLatad based on the mawred effective cluster diamerrr. 
Ishü cf d. (1989) and Horio and Tairci (1991) nfined the 
clustering-annuiar flow model. The former group pmcnted 
a q s t t m  of matcriai and m a m n m  balYicrs for the gas and 
solid phases in wCich the di-sol id  interfacial shev stress 
was ctkula~cd bavd using a friction hcOon cqua! to 0.003. 
and rhc corc-yuiulus inurfxial shear satss was calcukttd 
from the upcrimental data for the cluucr diameru ad corc 
d u s .  Thy corsludd that h e  cornannuius i n r c M  shur 
couid rn be neglecred in t i ~  ramermm Mances. The laner 
group funher ùaprovcd th: clustcrbg-annular flow mode1 
by prt~enthg enpirical rciatïoris to caicukre the cluster 
diamctcr and the mre-=uIru invrfacial shear. thur maluag 
it full! prdccive. One hitation of modelling clusun is 
that they arc dynamic and thcu charamristics arc hard io 
me~urc ,  quantify or gencrxlk. 
The corc-annular appro.umaticn to the flow domain has 
&val CO(UidQab1e anauion and is commcly M g  refiGed 
as experimenral data continue to bc published. Hartge cr al. 
(1988) adoptcd this flow srnicntrc and usaJ the Richarûson 
Zaki ( 1954) condarion [O calculate the a r e  a d  annular slip 
velocities. ïheir W c I  required e.rpcrimentally measured 
voidaga and pyticle velocities as inputs. in ordrr to dcukfe 
I d  gas and solids flocs at various axial locations. Rhodes 
(1990) prtxntcd a similar d l ;  requinng the average soli& 
flux in the corc and annulus and the corn radius - rhe radial 
distance at which the soli& flux e q d s  zero - as inputs. 
The downward panicle velocity in thc annulus was taken as 
0.2 mis baxd on viniai oôscrvations at rhe Mcf wall. Rhodts 
(1990) quantificd the net COR CO annuius panicle flux by a 
deposition efficient dcrcmruiad from the bat fit of the d 
profile of che intemai soli& mircuiation. 
Thc major limitation of these y a i e b  and lhat of Bernici 
a d  Kalogmlw (1989) is that q u k  experimtal dala 
for input. thus. they c a ~ o t  kg wed as predictive mir. In 
addition, cenain assumptionj, such as rhe average annular 
voiâage king cqual to the minimum fluidization voidjge. 
and the dow-wyd aanulv parucle veIocicy king eqwl to 
the terrainal senling velocicy of a single particle. do no(. in 
general. agrœ with rccent experiment;il evidcnce. Wong et 
al. (1992) prcscntai a hl ly  praiictive mode1 for the gas and 
soli& flow s&ucom which combinal the Bcmta-Kalogcrakis 
mode1 with mipirical conchions for the length of the 
accdcration zo& and the voidage at Ihc base of the riscr. 
Also. a slip facoor equal ta two w a ~  as& in rhe M y  cime- 
lopcd flow region. Racntly several ofher "predictive" 
mode1 have b a n  developcd (Pugisey and Berruri. 1995; 
Koenigsdorff ;rnd Wenher. 1995; Patience and Chaouki. 
1995). Thcst models account for the radiai variation of 
soli& velocity profde and hold-up. and have k c n  dcveloped 
from a larger dam base aiid more derailcd expcrimenral 
mcasurcmcnts. 
While die cote-annuiar flow asswnpcion adequauly 
describes rhc cime averaged radial soli& suspension density 
profiles. the uistaaraneous rneasuremenr of local sofids 
suspension density with i n s r n e n a  such as capacituice 
probes indiates the rapid formation and disinugration of 
soli& clustcn. Tôereforc. future type II modelling. such as 
Lhst by Kocnigsdorff a d  Wenher (1995). need w d e  both 
phemmena into acaiunr. Expcrirnenral evidence of this 
comptex flow s m m  has. h~wever. I d  w an entirely 
differcnt c ias  of mathemacical mojcls. rcferrcd to as type 
iII modeb, designcd to more rigorously quantify two-phase 
gas-soli& in CFB risen. 
The work of A&wumi and Arastmpur (1986) markcd 
a depanure from previous models which had used funda- 
mal hybdyiiYnic equatioas KI dck-ribe v m i c a l  gds-solid 
flow. by dtveloping a twodirnenstional mode1 to descrik 
bot& Lhe d i a l  and aual gradiects in pneumatic crampon 
sysums. Revious efforts had concentrattd on describing the 
axial gradient only . The twdimemionai mcdel consists of 
gas and solid ph= concinuic). equations. and momennun 
bahces in bath the Wal and radial directions. Rie consu- 
utive qua3ions includc the concibuuocrs of the hydrosatic 
hcad of both phases. as well as the drag forcc in b t h  the 
and radial directions. wiui the value of the drag 
coefficient taken br;i the standard drag curve. îhe  consu- 
aiove quauons of & r k r  and Tulig (1986), on the ocher 
hand. were develcpcd from a simplificd vcnion of the k-t  
nirbuletite rnodtl. whert k symbolues the turbulent kinetic 
aww of the gas phase. and c rhc turbulent awrgy disipuon 
in  the gas phase. A ngorous trcatment of a rurbutent rnergy 
sj  stem requins thc makiling of nwnerws wrbultncc corne- 
lation rems. The appmach of Berkcr and T ~ l i g  (1586) 
lumpcd d l  of th- correlations into NO fumions which 
accounicd for the imperfeci. or tnekistic. response of the 
p i c l e s  to \ciocity flucniatrans in the gas phase. The 
inelasoc mpnx of rhe particles rrsuttcd in ~rbulent energy 
rlirsiprion. crcating a repcn of lower rurbulcnt encrp  n u r  
the rislr wall. and auhlijhing thc radiai wpension densi. 
gradients obvrvcd in fully deveiopod flow. The simplifica- 
tions inrrcduced by Bcrkcr and Tulig (1986) dlow thc 
coupling of riser hydrodynamics wirh a simple tirsr order 
rcaction xhrmc. md invecrijate the cffxts of the ndid  
nrrpaaion densit). gradients on a tluid a u i ~ c  mcking unit. 
Noting thc hifi dcprtx of anpincisrn icuoduced in the two 
fiinctions of Berker and Tulig (1986). Sinclair and Jackson 
(1389) br>llctnrraicd on the gss-particle 2nd parzirle-paniclc 
intemaions which did nor anse Jirecdy from the effats of 
pôs ph= turbulence. Thus. thcy focuscd on the incrractions 
bcrwetn the mean panicle and gu vdociry ficlds (Le. drag 
forcc). rhe m a  parricle \.elocity field, and thc fluctuaring 
panide vclociry conipnent. in order to d e l  the laner 
interaction. Sinclair and Jackson (1984) assuma! that the 
momentum of the m0vir.g panicla was suffitient to carry 
thm rhrough the gas film. so L ! I  ht intcnction occuned 
by direct parucle-panicle collisions. They notd that the 
major inconsistency in thcir formulatioa was the cornplete 
nqlect of ihc random gas velocicy component. which would 
h e m  be inconsistent in the Iiniting case of turbulent gas 
flow in a pipe in rhc absence of pmcles. However. for gas- 
solid No-phase flow. their rcsults did predict quditatively 
the effect of paniclt-particle coUisions which was suficient 
to generatc the panide fiow xgregauon experineni;llly 
observcd in CF% risen. though no conpanson of their 
prediaions with experimental data ueas anempied. This was 
done latcr in the work of Pita and Sundaresaq (1991). who 
comparai mode1 praijrtions with expcrimcntal dam of Bader 
a d. (1988). The agreement u ith expcrimcnlal &ta was 
excellent, but subsquent investigation of the effects of 
ùieluuciry of rht pyticle-pyncle collisions mi Lhe damping 
oction of rtic gas on the pamcle \-elociry flucniatiom indictecl 
an unaccepiablc degret of scnsiii\iry of the mode1 to thse  
paamcrm. Pira and Sundaresan (19911 concluded biat 
the inclusion of the pas phase Turbulence cfftcu rnay bc 
nectssary for accuratc prcdicrions. Ymna ct al. (1994) 
r#rndy prcscnicd funher cornprisons of the prediction of 
rhc mode1 of Sinclair and Jackson (1989) with publishcd 
expmmcnral &ta. Acccpnbk agreement was onlp obrained 
undcr very dilute flow cunditions. Yanina ci al. ( 1994) mted 
that under high solids flux conditions. much of the &îa was 
obtaincd undcr devdoping flow conditions. and this may have 
k e n  a source of inaccuacy. Scirher Pita and Sundaresan 
(199 1) nor Yasum et al. ( 1994) nord the fact that cornpari- 
sons werc made with experimenl~ using very fine powders. 
If was explicitiy statcd in the original work of Sinclair and 
Jackson (1989) that the assurnption or' panicle-panicle 
coUisions should only bc ansiderd valid for largcr paniclcs 
usai in applications such as mincm1 processing. Fcr fine 
powden.che mahankm of paniclc-panicle interaction rnay 
bc sipificandy diffcmt. and. especially 3c hi@ soli& fluxa. 
prtick-particle intcnction 1s considcred ro k rhe key 
coninbutor io the observai sepregation of solids. The most 
rcctnt w r k  in this a r a  is h t  of Dasgupta et al. (1994b). 
Thcse authon devclopd a cornprchensi\ e physid m d c l  
which considercd ific mrbulcnt energy effccrs in boih Lhe gJs 
and solid pbascs. snd is explicjdy udid for CFBs opcmng 
at highcr sotids suspension dcnsitics. and circulaling VCI? 
fine powders. By Tirs: examining the ~ l l d  "dusty ,pas" 
limit. or the conditiorij oi  very low sclids suspenrion 
dcnsrtiu. Dasgupca et ni. (lW-:bi wcre able !O dacnntnc 
the physical caux of tic scercgarion of panides ~owari: the 
w l l  r y u i r d  ti1 main3in rhe furce balance in the r~dial 
dirsrion. f?ie d region ko rncs  an uca oi lcwer nthulcnl 
encrgy. confirrninp ihc carlier cmpincd ssumptio?~ of 
Btrkcr and Tulig i 198b). In ha. Lhe yt;ailons oi Dasgupu 
et al. ( 1Wbi  Nere c l o d  using a Ir-* w b d e , ~ ~  r.de1 deve- 
lopcd for a constarit dcns ,~ .  homogmxs. incomprcssibk 
fluid. The output uf the mode1 inPica:ui qusliiÿtive agrec- 
mmt u ith expcmcnt31 ohwrvar!om. sad 3 scnsiuvip aul- 
ysis prove rhrit the mode1 rcnilts were rckively instnsitivc 
to the paramckrs in the k-t  turbulcxe nodcl. D a s ~ ~ p  el 
31. (1994aj cornparcd model prcdictions ui:k ihc 
cxperimcncd &LI cf W z r  et al. i 1988) anC fourd vcry p x t  
agreement. 
The above divvssion of the type Ui modelling efforts 
suggcsts h r t c  main crirical points. Firsdy. the mdeIling of 
the mrbu1mt flow phenornenon is very cornplex. and if il 
is considered, rcquircs the invoduaion of sont  sipiticanc 
simplifying fomiulations. There is an ongoing comrnicmenr 
by the resevchers in this field to dcvclop more rigorous 
considcation of the nrrbulent flow of b t h  the rolids md gas 
phases. which will undoubtcdly lead to evcn more complex 
models. The evcntuai applications of such modcls mus1 be 
carefuiiy cmsidered. Sccondly. no single. comprchenstve 
rnodel has so far b e n  dcvtloped which is vdid for al1 
optrating conditions and panicle charJcrtristics encouritercd 
in CFB risen. The early work of Sinclair and J a c h n  ( 1989) 
was spaific [O larger particles and lou soiids fluxes. =hile 
the recent work of Dasgupta et ai. (1994a.b) wss developed 
for highcr ~ l i d s  fluxes and fine powden. Finally. rficx 
models arc limited to tne fuiiy deveioped tlow ngions of CFE 
risers only. and thus give no irisight into Ihc fluid mcchanid 
bebviour in the region of developing flow near the rixr 
base. 
A difierent style of type üi models which avoids the 
introduction of a mrbulcncc model is Ken in rhe w0rk of 
Ding and Gidaspow (1990) and Tsuo and Gidaspow ( 1990). 
These conmbucions a m i s  of a generaluatiun of the Xavier- 
Stokes equaxions for rwo-phase dow. Such a formulation 
rcquire a solid-vixosiry tem. The work of Ding and 
Cidaspow (1990) provides a predictivc merhod for caicrilating 
thc solids viscosity based on Liit kinetic theory of granular 
solids. On the o h r  hand, the effective solids viscosiry in 
the work of Tsuo and Gidaspow (1990) is an input basai 
on pmiiws cxperimcnrai rcsulrs. The laner maicl @va goaf 
agreement with expcrïmental data. but it should be noud that 
the upcrimental data providai for aimparison was gmratcJ 
with the CFB riscr used for the effective solids viscosiry cd- 
culation. Thcreforc. the rnodei may suffcr from a lack of 
ptnerality. Gidaspow a al. ( 1992) utcnded Iht work of Ding 
and Gidaspow (1990) 10 CFB risers ro dcvelop a fd ly  
developed predictive hydrodynamic model. Applications 
of this work are shown by Gidaspow ct al. (1999 and 
Therdhianwong and Gidaspow (1994). 
Over the p s t  dccadc. a signfiont nurnkr of hydrdynamic 
mode1 have bcen published. A common fcanrrc of m n y  
of l h e ~  studics is that models were dtvelopcd from the 
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surhon' own &LI cornparisun uac grticrally Iimited iv a 
rurrow operdting rmgc and a single CFR gcornrty. 
The necd 10 deieminc the suie-of-the-an of the \3:1OU* 
mcJ& and d d n d  dunng thc 1992 Intr'nutiond Confcr- 
ence an Ftuidilrition in Ausirdia. where a Bcnchnurk 
MoJelling Ewrcise was proplid to collcct hydrdynamic 
&U usinp xvcral CF% test uni~c. The prtomctry of ihc unib 
a!ong wifh the openting condition. and panicie c h n c -  
tensria of the d i &  woulJ be d e  avaihblc to the r a c h  
comrnunity with an invitation to p d i c t  thc h y d d y n ; i m i î ~ .  
Comprison betwecn mdcf predictions and exptnmenrd 
Qu would be discloxd at chc 1995 internritional Confer- 
ense on Fluidization in France. 
Tu-O cxpenmencal uni& were u d :  one 14.2 m tail and 
0.2 rn in diuneter. the o k r  9 m nll and 0.4 m in diameter. 
crnpioying syiJ ariit FCC powdm. and air was the fluiduing 
medium. h t a  were collcctcd over a wide nnge of condi- 
tions - 2.4cU,cII  m/s . 10<G,<800 kg/m2-S. This 
information wss given to the modeIIers in January 1995 with 
the challenge to p d i a  axial pressure profiles. radiai soli& 
msss flru profila. and d i a l  soli& density profiles. Ten 
r ~ c h  groups: krnard; Sundaresan; Arastoopur and 
Kim: Gidaspow and Sun. Johnsson; Chaouh. Godfroy anci 
Patience: Atgsley and Bemtti; Rhodes and Wang; O'Brien 
and SyYnial; 3rd Chen p3niciparcd in rhe exetcise. Com- 
p ~ w n s  krwccn predictions and the expcrimenral &ta wcrc 
evalumi by Knowiton. Matsen. Geldm and King acting as 
a prsommince. At Fhidization Vüi in France. the rtsults 
werc m o u m a i  at a spccial CFB hydrodynamics workshop: 
wo ptols were shown for u c h  panicipating group - ont 
which q r c x n t e d  g d  agreement betwttn utpcrirncntal 
Qu and mode1 prtdictions and the other in whicti the 
agreement w u  considcd poor. 
rUthough m a t  of the groups did not anernpt m mode1 ail 
die test conditions. the benchmark modellin_e exercije 
provided a g& perspective of the sou-of-rhe-an in CFB 
modelling. ûnly cypc U and type III rnodellen pmicipatcd. 
Conclusions drawn from the exensise are as followr : (a) no 
sin@ rnodt! dcquatcly predicteû al1 the conditions and 
trends in the &rd; (b) type iIi modcls did not shaw as good 
qrœment with the dam as did type U modcls; (c) some 
modcis s e  gcod ovcr a Lunitcd range of conditions; (dl m t  
modcls faiiaf to prùpcrly represent radia! density and solids 
mas r1u.x profiles of FCC mlaiyst at the h g h m  mjss fiut; 
(e) no d e l  adequaicly predictcd the increasc in suspcn- 
sion density at the top of rhc riser; (f) Bernard's mdei 
prcdiccd FCC &u quiu well; (g) the mafels of Chao*. 
a d. and hgslcy and Bilrruti providcd the bcst ovedi agm- 
ment with thc cxprimentzil &ta; and; fi! the k t  type iIf 
mdel .#as crcataf by Gidaspcw and Sun u-hich matched 
wnc signiriuri* z e n 3  in the radial riuss flua profdes. 
During subquent  discussion rhe nzccssiy of indudiig 
dditioml criteria in th= wc;sment of the differen; rnafels 
uaz pointcd out. One of the mcst cruciai rrquinniirntr is wr- 
fn tnd l im and spctd  iri genentmg rtsults. ï h e  benchmark 
rrddirig t a r  pmvidal s fair rqrcsentdtion of k c  xcuracy 
a d  appircability of present hydrdynamic d e l s  and it 
i:d~tcd mme direc~ion for future dcvelopmentr. 
1mc;n;il rccirculation of soli& in CF8 risen occun drie 
1'3 h e  intcrc!xmge of soli& betwœn the hcurogcceous flüw 
structures within the riser. As a mult. the raidence cime 
of any paniclc in the r i ~ r  may Vary h m  lcss d u 1  a second 
w more chan twenry k~onds. The intcrchdngs of soliris is 
of C ~ I ~ I C ~  importance for ihc control of the convective h m  
tnnsfer niechanism bttwccn Lhc solids and the rixr udl  in 
a CFEl combustor (Grne. 19Mb). In applicaoons of the CFB 
cadyst p c l a  atitits rcactor pcrfomcc. Thcrcforc. fur 
design purposes. it is irnporwii to known the soli& midence 
timc distribution (RTD) cxpcrtcd for givcn opcntrng 
conditions and riscr gromctry. 
Smdies of the RTD are typially conductcd wing tnccr 
techniques. A nurnber of different tnccrdciection rnerhats 
employed in the litcranire for detcrmining the soli& RTD 
are givcn in Table 6. For insmcc. Yerushalrni and A v i h  
( 1985) us~d a fermmgncric uacer and an induclancc bndge 
detmor. On the other hand. &der et al. ( 1988) and Rhodes 
et al. ( 1991) injecteci a d i u m  chloride sarnple and detccted 
the mccr by dissolving the collectcd simples in watcr and 
musuring the elccmcal conductivity of Ihe solution. 
However. the majoricy of pubLished solids tracer urpcrimcnrs 
have betn uKd radimctiviry (Helrnrich et al.. 1986; Arnbler 
et al.. 1990; Patience. 1990; Viltanen. 1993). The advan- 
cages of using radioactive tracen. a s  indiutai by Patience 
( 1990). include versatility . non-inuusiveness. in situ 
maurement. and case of dcuction. In addition. the s d l  
quantitics of tncer marcrial q u u e d  for detecrion minimizcs 
injection pcmrbation. Radioactive mcer detection in a 
CFB nscr requires a rapid mponsc time of thc decector. 
othenvix the inhctcnt accuracy is lost. This problcrn w s  
encounurcd in Ihe snidy of Arnbler et al. (1990). Figure I 1 
shows RTD curvcs for the hree different panicle sucs 
inimcd at the base of the rise: and dctcctcd at the exit; the 
&r WU oprating at a mass flux of 45 kg/m2 - 5 .  and a gas 
vclocip of 4.2 mis. Internai solids recirculation is grcarset 
for the Iarger particles, w h w  particle terminid velocity is 
3.9 m/s. ~owever .  brukrhrough Urnes - the cime at which 
nriiùacriviry is first detcctcd at the exit - is short; it takes 
1.8s for the w1iQ to tnvel dong Ihe 4.7 rn rix lengh. The 
bnakthmugh tune of rhe 108 pm sand pYriclcs u 0.8 s; thcir 
partitle t c & d  ~ ~ I ~ t i t j  is only 0.6-ds.  
Effects of opcrsting condiacm on Yrial solids mixing have 
k n  snidicd by Yenishdmi a d  Avidui (1985). Palience et 
al. (1WL). and Rhodes et al. (1091). Yenishalmi and A v i h  
(L985) observai a maximum in iht effmivt axial soli& . - 
dispersion coefficient aj a functiun of gas supcficial velocity 
and solids rimlrtion rate. Examination of r h c t r  uial 
suspension density pmfila suggestr that tiis maximum 
conrsponds to the vansirion velocicy from the turbulent 
rcgime to fast fl?iidizaEon. Data on tic effect of wtids mass 
flux scxm inconclusivc. altiough Ihe authon do sntt  that 
a d  d i v i o n  incrmKd sligh?iy witt! hmaiing soli& m m  
flux. At higher gas velocitics. axial solids dispersion 
d c c r d  indimting a reduction in the incental sclids 
recirculation fihodes ct al. (1991) cs~rirnenr;rlly hvcscip~d 
the kflrcnci or' opcnciog coriditions on ~Ual  soli& rnixing 
in two CFB riscrs of differing dunet:r (0.152 rn and 
0.305 ml. and correlavj ht axial Pecler numbtr as a 
funcuon of sdi& m a s  h x  and tixr dimctcr. The cone- 
larion iridicalcd thaf tht a d  solid$ dqersion daxuscd with 
uicreasinp diamcter. supponing the notion that the annuiar 
rcgion is in hct a wall effcct. herice invrnd rccirculation 
is les in a Large dimeter rixr. The correlation also shcwd 
tlnt the axil solids dispersion d c c r d  slichdy wirh solids 
mus flux. Rhodes ti al. ( I W l  ) annoutcd ths to openrion 
of the riscr undcr h e  similx profiles ccndition. w h e ~  Ihc 
rolids velaity and thus wlids mixing are indepcndeat of 
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Dispersion Model 
Dispersion > I d c l  
Timc. s 
Figurt 1 I - Soiids RTD in a 0.0828 rn nxr: U, = 4.2 mls. 
G, = 45 kg/rn'.s (Rticnce a al.. 1991). 
solids m a s  flux. The faa that this finding contradia that 
of PaOencr et al. (1991). who found that the solids axid dis- 
persion incr& with soli& maSS flux in their 0.083 m 
diameter rixr. may k due to ihe CHM of riscr diameter. 
Howwcr. ss shown in Figure 1 1. dispcnion modeiiing docs 
nor acmunt for dl the dctails of fhe RTD curvcs. particu- 
larly rhe brcdahrough tirncs and large rlucniations. More- 
ovcr. modelling the entire nscr I tngh  lumps enuance and 
exit effecrs together widi the hl1y dcvelopcd rcgion. 
In a reccnt smdy, Patience and Chaoulci (1935) smdied the 
local KiD of sand particles SU pm. 275 wm and 108 pm in 
diameur. by piacing a xintiliation dcwcwr in fhe e n m t  
region whcx soli& hold-up is gmust.  and n a r  the riscr 
exit in the hyddyriYnically "fully" devclopcd mgion of the 
riscr. The laver d e m r  uhibited rhe m e  tcsponse curve 
b r  ail panick W. but h e  upper d c m r  shilwcd dbcrrascd 
peak heighrs and longer tails for the largcr particles. Solids 
mixing at the cntrance appears to k inscnsitive to @cle 
pmpcrties in conrran u, rhe fully dcvelopcd region. 
Hclmrich et al. (1986) modtilcd soli& RTD &ta by using 
a loop reaccor mode1 which cornbined plug flow and stirred 
tank compamnenis. %%le nich models accurarely d&bc 
the experimenmi dau and give an indication of the effecls 
of rixr opcrating conditions and gairncuy on axial solids 
mixing. they do not physically reprtsent the actual mech- 
anism of sot& mixing obxrved in CFB rixn. As mzcd 
by Ambltr et al. (1990). models based upon the a d  flow 
panenis obxrved in rhe riscr are hndamcndly supcrior. 
Thcrcforc. it is desirabk to devctop a mode1 dtxribing the 
solids RTD based upon the interchange of soli& bcns.#n 
rhe core and annuai regions and w n g  cluners. 
Bolton and Davidson (1988) modcüai ttK rransfer of solids 
from Ihe core to Lhe annulus wiih a nrrbulcnt dimision rnass 
m f e r  coefficient devefoped by analogy wiih the fraboard 
rcgion of a bubbling W. Howevcr, Harris and Davidson 
( 1994) notai an apparent inconsisccncy in b i s  formuiation. 
becaux turbulent diffusion h m  d'te lcan core region to the 
dense annular zonc would represent mass transfer against 
a soli& concentration gradient. in  posnilating a corc-to- 
annulus deposition mode1 which assumed binary collisions 
bctwœn panicla. the intcrchange of solids from the annulus 
to the core was neglatcd. The mode1 of Senior and Brcrcmn 
(1992) also assumcd that partide-particle collisions accountcd 
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for the movement of soli& from the core rcgion to the 
annulus. In addition. bey rnodellcd the remtrainment of 
prticks from the annulus to the cnre as due [O gas shear. 
Sinclair and Jackson (1989) indicarcd chat for Iugcr 
(d,, > 193 pm) a d .  heavier panicles collisions bcovecn 
particles wss the dominant rncchanism pducrng particlc 
iIow xgrtgation ob~rvcd  in practicc. Winh (1991) 
pmentcd a rnafel for the momcnturn transfer arising from 
collisions bctwcen dikrtu particles and clusten or strands 
of soli& d i s p c d  throughout the cross-section of a CFB 
rixr which did not assume Ihc existence of a core-annula 
flow structure in the nser. Rmnt work by Rigsley and 
Btmti (1995) modified the work of Wirh (1991) slightly 
by limiting the clustcn to the annuhr region and calculating 
rhe core-u~annulus oli& interchange coefficient bascd on 
collisions tuwc.m the upward fiowing particles in the corn 
and the downward flowing panicla in the annulus. Thq d- 
culatcd the annulus-rmrc soli& interchange cbeçficient XI 
chat the materid balance at any Wal location is satisfied: 
the core-rnannulus coefficient i n c d  aniaily from the 
riscr base to a constant value in the fully dcveloped flow 
region. wMe the annuIus-marc cbeffiacnt rcmained esstn- 
tially constant and les  than the COR-m-annulus coefficient. 
Rr core-mumdus uucrrhange coefficient inmascd rapidly 
near the base of the N e r  indicating h t  the corc-annulus 
structure forms very quicldy under the conditions of fast 
fluidization. Senior and Brrrtton (1992) found tha< a value 
of 0.20 m/s for the aire-mannulus soli& inurctrangt cocfi- 
cicnt pmducad the kst fit of k i r  expcrimcntal axial sus- 
pension densiry proflites. This compares favourably with the 
work of Pugdey and kmti ( 1994) with values in the m g e  
of 0.05 to 0.30 m/s foc various opcratiag conditions and rixr 
dimensions. Basai on mrbulent diffusion. Bolton and 
hvidsun (19881 calculated cocfficicnts 50% lower than thox 
of Pugsley and &mti (1995). 
Paticm and Chaouki (1995) charactcrizcd radiai uans- 
pr t  of soli& by d i a l  dispersion and found thar the value 
of the dispersion coefficient is a p p r o h l c l y  quai to that 
mearud for radii gas dispersion by Martin et al. (1992) 
- about m'ls. 
G;LS velctciry is a kcy oper-g parameter t h  identifies 
regimc m i t i o n s  in gas-soli& rcactors. In the bubbling 
fluid-btd rtgimc, signiftcant rcsurch has been devored to 
gas injection and design criteria for the j$d ngion to 
opcimue pas-soiids contact. In fast fluidizauon, design 
criferia for pas injeaion are not as weU dcfuicd. although 
irs impact on the hydrodynamics is cerrainly not negligible. 
For example. Saxton and Worlcy (1979j dcscribzd indus- 
L m l  nKrs in which oil was uiuoducai ihrocgh one. two. 
and thrtt nozzia. fhty reportcd that not only did soiids dis- 
mbute more uniformly at rtie encrancc with th- noales, 
but that the vapour injection had a sigrtificant effcct 
lhroughout the rise:: suspension densitia were l~wer  with 
a mer= evenly disuibuted gas at the envaMc ihyi with just 
ore or two nonlu anly. F!!pncr et al. (lm) comparai cir- 
cumf- gas iijation with uitcrnal injection through ma 
nonla in a pilm d e  riKr. Circumferrritial gy injection 
rcsultcd in unifonn radial densitics at the entmce wich a 
Cf~rricsponding incrrnx in conversion by 3 5. Wcimtch cc al. 
(1995) wggest that rhc mode of gy i?jection into Che riscr 
Waas the acccleration (enmance) rcgicn nnd this effact may 
exrcod ttuoughour the entire column, as rcponcd by %ton 
Figure 12 - G a  &ta! vclclcity profile with FCC c a d y s t  ln a 
0.3 m dimufer nwr: U, = 6.3 mis. G, = 390 kg/rn2 - s (van 
Brcugcl et ai.. 1969). 
and Worlcy (19701. Thcy suggcst rhat d e  designs shoulé 
accelcrate catalyst paniclcs rapidly and uniformly over the 
Ner cmss-section to minimize encrame lmgth and m u h i z c  
rcactor perfomiaace. 
in the fully developcd region of risers. most experimcnd 
evidencc indicaics that the gas k untvtnly disaibutcd acrou 
the radius: cenneline velocitics arc cypicalIy as much as two 
to rhrec t ime superficial velocities. and wail velocitits are 
zero. Van Breupel et al. ( 1969) musurcd gas velociry pm- 
files using isekinetic wmpling in a 0.3 m diameter riser 
operating at a gas velocity of 6.3 mls and a mass flux of 
390 kglm's. Cenuclme vcalocitiu were close to 17 mis 
and rhc dia l  profile sas approximtely uimgular in shpc. 
as show in Figure 17. Manin et al. (1997) report gas 
velocicy profila in a 0.19 m diameter unit opcrating ai gas 
velocilics berwœn 3.8 and 6 m/s and rnass fluxes up to 
200 kp/m2s. They found ihat the gas profiles shifted from 
rclatively flat under dilute opcrating condirions to a trianguhr 
h p e  undcr dense conditions. Radial dispersion was m u -  
s u d  by injeaing a sitady flow of  hcliurn Ïsekinecically at 
the cenntline. and synpling at differcnt radial and axial ps i -  
tions along the rixr. They charaacrizcd their &!a with the 
radial dispersion mode1 
and found b t  the radial dispersion coefficient m g c d  from 
2C CO 30 cm2/,; at low mars Cux and 6 mis. it nachcd 
H) cm'ls. 
Bader et ai. (1988) Cescribeci thcir gas m e r  data using 
a ndial -ion muicl. Radial dispersion ccicfiacnu wen 
reponed ai differtnt heights along the r ixr  and vyiad fmm 
25 to 67 cm2/s. Thcy did not. however. acmunt for the gas 
velocity profile and rhis could explain why their values are 
highcr chan thosc reponcd by Martin et al. (1992). Ames 
et al. (1993) inuoC.~ccd a rwo zone core-annulus mode1 with 
radial gy dispitnian in rhe mre mgion. assuming a constant 
g a ~  veloci. in the core. Pcclct nurnbm variai bcwttn 300 
and 500. and wrrm a saong hinction of mass flux. Zcthraeus 
et al. ( 1992) inuoduccd turbulent gas mixing and a local 
- 
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Figure 13 - Radid g u  mcer concentration dinrtbuiion: 
D = 115 m. U, = 2.3 mis. G, = 32 kg/ml-s Wrng a ai.. 
1983). 
turbulent diffusion constant ra chuacterke k i r  tracer dam. 
in gcneral. the low dispersion coefficients rrponed in risers 
indime that ndiai mass mqon is poor and this agrecs with 
expcmntal  data conducd in the NUCLA A m p h c r i c  
Cifculating Ruidizcd B a i  Combustor (Mac et aI. (1994)). 
whcre rwo rttnaable probes were uscd to um gas 
wnples at M cm intervais over a distancc of 3 m. which 
is a Linle les  Lhan half way to the ccntrrlim. They me- 
gas concentrations at bcights of 7.6 rn anâ 24 m and fou4 
tharpeaksingassouswmponeatslpparedatthc~amt~ 
dinanct at boch kighu. Ftmhmorr. sccrindary air injened 
above the dense region did not improve gas mixing signifi- 
m d y .  Reducd tmissions. which is a result of good 
gadsolids contaa. werc obtainaj by becter dimiburing ihc 
fuel inside the cornbusor. 
A crude approximation to the gss velocity profde is the 
are-annulus modcl. Gas in the a r e  is assumai to rire at 
hi& velocitics and in the annulus it is assumcd to be stagnant 
or to ducend at a datively low vtlociry: 
ac, 2 k r C  - - -  (Cc - Cd = O ............. ... 
ar R~ - < (10) 
This approximation has ban adopteci CO dcxribt the 
expuimental data in a number of snidies. as shown in 
Table 7. It is simpk and rtlatively effective at capturing 
overall gas muiag. Wertha et al. ( 1992) have extendcd the 
mode1 to a c m n t  for diffcring amounu of dispenion in the 
core cornparcd KI the annulus. hiarcin et al. (1992) uplain 
that wo ~~cfficicncs arc n- when using the are- 
annulus maki because the approximaeion negleas the a d  
profde. Patience anâ Chaouki (1993) adoptai tfie a r e -  
annulus mode1 to describe radioactive impulse tracer txpcri- 
menu conductad in a 0.083 m diunaa Ner. 70 diaractcrùc 
mass~faaawstbeo~rr-m&boundary.ihtyadopied 
the Gilliland-Sherwood quîtion based on mass ansfer in 
weacd waiî mwers. They also proposcd a relationship u, 
describe die core radius h m  which gas velocitics hcnct 
resjdence rimes, am d d a t a d .  
WNinrina ai. (1989)andCadcmand Yenishalmi (1978) 
s d i d  p s  backmîxing over a range of gas velocitits from 
bubbling to nirbdcnt and fast ffuidircd kd reg-. Cankun 
and Ye~shalmi (1978) repori d u c c d  backmixing with 
increaiing gas vel~civ and ~ g g e s t  lhat it is pracUcally 
ncgligibie in fast fluidization. Yang a al. (1983) uscd heliurn 
as a tracer and presented data k t  esscntiaily agreai with 
Cankun and Yerushlami's ~odusions that the a n u d  mion 
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F w  15 - CiasRTDina27 mta i lp i iadenwr:  D = 0.15 m. 
LI, = 5.6 mis. G, = 270 kplmz . s (Conmaor cl ai.. 1993). 
of dic rixr is phg flow. However. lhey deroctcd axial miung 
in the vicinity of rhe wdl. not mentional in the former 
smdy . As shown in Figure 13. helium concentrations. m a -  
s u d  at 50 mm below the injecter. arc csscntiatly zen, in 
the crnm of the nser and much higher in the vicinicy of the 
waU. Weiastcin et al. (1989) agrœ that axial dispersion is 
iow but they statc rhar it approacha an asymptotic value as 
fwnd by mccr injections ar differcnt radial positions and 
iictcction 3r different heigfiu and across the radius. ïhey 
dcvetopcû d3boratc m p l i n g  and injection manifolds to 
masure gas bacbninllig in the cntranœ region and in the fully 
dcvtloped region. Disptrsion cotfficienrs nponed by Li and 
Wu (1991) vary betwetn 0.3 and 0.8 m2/s. However. the 
gas vtlociry profile was ignored in r h e ~  snidics. and the data 
rhould bt rcinie~rctcd to amount for this effcct. Viiianen 
(1993) qoncd tracer sntdics prfom,cd in a commercial 
FCC riscr. 1.3 rn in dkmezer and 39 m ratl; sonx of his dam 
yt rqtoduced in Figure 14. Radiactive argon was uscd 
as a tracer for rhc gy phase and sevm dctccmn wur localai 
dong the Iength of the riser. The gas flow was chacter- 
ired by P a i n  n u m b  in the range of Y m 14, and disper- 
sion rocficients berwcui 9 and 23 rn'ls. higher than tic 
valm rrporrcd by Li aad Wu (1991). Conmtor cl d. 
( l m )  pcblished a set of tracer data using radioactive Kr 
1x1 O. 15 rn riiyneccr nstr opcrating ~p ta ai  a m a s  flux cf 
600 kg/rn2 - S. Figure 15 shows mccr dam m a s u d  at a 
W wluiq of 5.5 mis and a mu flux of 270 Lgln;'. s; the 
hcight dccrrases with disrancc dong the rixr. which 
lndirvcs some axial dispersion. No gas bypassing w35 
detecttd at the higher mass flux iniiicating b t  the cote 
annular structure may not be sustaincd under dense phase 
nscr tnnspon conditions. the rolid~ volume fntiion was 
approtimareiy 0.15. which is cotuidcnhly higher rh;ui rnost 
cxpcrîmcnt;rl risen that opcrate at lcvels lower ban 0.05. 
A single d e l  is noc available CO chancrcrUc the pas p k  
h y d d y m i c s  in CFR risers. Gas injection has larpcly b a n  
ignorai by mearchers although i t  h a  bcen show to impact 
boch solids hydraiywmics and m o i  perfonnmcc consider- 
ably. tinder dense phase transport condiriom. it appcan t h j t  
a simple axiai dispersion maiet is adquate to chancierizr: 
g s  mixing. Under diIute conditions a corc-annulus model 
reprrsenls a good first approximation. but. IO chmcterizc 
rixr hydrodymmicr complclcly . bah ndd dispersion. and 
radial gas vtfocity musc be taken into accounl. 
De~pitt he significant achicvtmcnu in this field. a numbcr 
of arcas rquire funher study: 
( 1) Techniques for deurmining the vansition velocity from 
the curbulcnt regime to the fast fluidizahon q ü n e  h v e  bcen 
rrponed. but th& impltmcnMon is not uaet. Experimend 
work is n d e d .  particuiarly for VIS risers operacing above 
chc saniration carrying capacity of gas. Available pndictivc 
correlations for the m i t i o n  velociuts mwt bt modificd to 
incorporate the e t k t  of the imposed soli& mass f i  ux. 
(2) ïhm clvses of stcady-$tau hydrodymmic models have 
ewlved co dexribe the gy and solids flow suucture in CFB 
rism. Typc 1 model dcvclopmcnt is limited in xope ancl use- 
fulntss. Typc il modeb ctiancurize a d  and radial gas- 
soli& flow by assuming the crislcnct of cfusvn or a COR- 
annulx dismbution. in rcality, both aist. and pnsmt modcls 
might be impmvcd by combining clernenrs of these approxi- 
mations as shown by K~cnigsdorff and Wcnhcr (1995). 
Howcver. since such modcls will q u i r c  many input 
paramers. which arc not generaiiy amiable; and. since the 
parameters will bc difficult co quantif$. t h y  may find oniy 
Limired w. The= is sufficicnt convwersy mer the e f k t  
of rixr diamercr on axial soli& hold-up; the effm of rixr 
diarncvt on cl-r sùc. frequency, dupe and mean raidtnct 
Lime should bc inuruting. We uptct chat the more rigorous 
Di f û m u ~ o m  wiil imprwe with mmpunriod speed. 
but their devtlopment will atso depend on more p m k  
hyfmdynamïc measurrmcntr. Unstcady stau models - a p a n  
h m  rypc Ki - are non-exisunt. Thy may bccome usehl 
to p d i c t  conversions and sclcctivities in catalytic nactors. 
or capture &ciency of SQ a d  NO, in combustors. 
(3) CFB scaling laws pndict the flow saucnirc of Luge d e  
unis bv td  on &!a in muck s d l e r  uniis. Criteria for CFB 
scaling have k n  developcd by a nrrnbcr of invcstigators 
(Glicksman. 1984; Glickiman 1988; Horio et al.. 1986; 
Horio et ai.. 1989; Louge. 1987; Chang and b g e .  1992). 
Thex d i n g  laws are baxd on quations of connnuicy and 
momcnmrn. on specific boundary conditions. and on the 
Ergun equation. But many pmblcms m i n  unrrsolvai. In 
many commercial appliutions. thcy enuy rcgicn irnpacrs 
n m  prl~rmaact. bur the proposed u g  ~larionships uc 
generaiiy applicable to Lhe wnic31 direction only. An indus- 
trial cxample iliusuates this limitaiion: the 7 m s q w e  
NUCLA CF8 cornbustor suffcnd severe bubble cap crosion 
at the grid. Soli& werc fed inta the side ai a vc!ocity of 
0.3 d s  and a 45' angle chmu&\ a 2 m square standpipe flush 
wih the grid ai the bonom. In a cold flow model. one would 
pmumably pick rhe rame gas velocity d cxperiment with 
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mas  flux IO approach commercial Wer suspension dcnsities. 
Scaling rixr diameter with standpipe diameter pfopomon- 
aiely grvu the ~ m e  mass flux through nser uid standpipe. 
Howcver. to simulate erosion it mzy bc more appropnate 
to d e  the standpipe geomevy such that the peneuaaon 
depth is proponionately srnalier. or the samc as in the corn- 
mercd naaor. I f  nising chc standpipc vcrricaily so h t  it 
is no longer flush with the bnom of the grid is chosen as 
a rcmaiy for bubble a p  tmsion. how does one choosc the 
vertical dimension to vehfy the hypothcsis in the 
expenmenral unit (modibing a CO- reactor is 
costly!)? What dinuice should k chosen? Shoutd experi- 
menu k conducred at heighu scaled proporiionatcly with 
the riscr diunetcr d e  or should Lhey bc kcp 31 fitU scde 
conditions to more c lody  approxirriirte the acceleration 
mgion effdctdct? Thae and simüar qwtions have oot been fuUy 
add& and require more ancntion. 
(4) Innovative design oi new soli&-fecding devices a d  gas- 
solids separation ticchniques may reduct operational com- 
plelities. The c f fau  of seaie on rhe enuanct rcgion may 
bt considaable. as mentionad above. and musc k takm inro 
account in laboratory and pilot studies. Funhermorc, the 
entrPnce regions of uptrimcntd CFB risers vary a16iauily 
and may effett riscr hydrodynamics. Design d d s  of the 
cntranœ mgkm must bt availnble to facilitate rhe p;opct corn- 
parison of flou suucnire. 
( 5 )  Highly exothcrmic reaaions may rtguk intemals for 
heat removal to maintain tanperamrc uniformicy. Rescarch 
is nacded on the influcncc of intemah on hyddynamics and 
atalyst amith. as wtU  as aibcbuadle ausion. Heat m f e r  
bctwten the sali& and the membrane walls in CFB mm- 
bunors has betn well documentad. Iicat tramfer snidies for 
rhe op#atuig amditions rypical of CFB c d @ c  are 
aow &cd. induding heat m f c r  rates berwœn soli& and 
w b m e r d  intemals. 
(6) The mcchanisnis of anrition and erosion. mentioned 
abvc. are understood quliicatively. but liale work ha botn 
done on k i r  quantiative d u a n o n  and dcsip implications. 
The dewlopmtnt of amition mistant catllysu is a kcy famr 
in the sucttssful commctcialua . . tion of any new CFB process. 
This is also cloxly lùiked to the effea of internais in CFB 
risen and envzDce gmrnetry. 
m Co- * .  n of nov CFB procascs for the produc- 
tion of tine c h a n i d s  bas bœn hhukraî due u, d e - u p  con- 
ccrns and bpcnrional mmplexitics. In parriculat. the afect of 
diamucr. high sotids mss flux. and hi& pressure on the 
mdrodynamics arc largely rmdocrmiçmad in the o p  lieranm. 
(8) Ir is wcll known that a large fraction of fines is neces- 
ury for smoorh solids circulation in the standpipe, but the 
e f l m  of fines on rivr hydrodynamics is na gcncdy biown. 
This arca wdl require funire rcsurch to Unprove operation 
and xslc-up. 
In conclusion, thk b o n  on r d  nceds indicam h t  
funûamcntal undcntanding of Ci3 operation conrinues to 
hindcr the potentiti commercial appIications. A gnat dcal 
of conccnmtcd teseuch is sùil required in many areas. Thc 
anendees at the four inccrnaiiona1 confercnccs on CFB w h -  
nology and the Iast several Inteniationd Fiuidization con- 
ftrcnccs rcprcxntd a unique balance ktween indwtry aod 
acadcmia. Continuai inrendon knwetn thex groups wilI 
be necessary to nuet Lht challenges in CFB m h .  and 
IO axeriain that CFB tahnology uili rtach io W potencial. 
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Le congrés fiançais de Génie des Procédés, organisé par le Groupe Français de Génie des 
Procédés, est une manifestation biennale permettant aux scientifiques chercheurs, 
enseignants et aux industriels de se rencontrer, de présenter leurs travaux, de prendre 
connaissance des développements récents de la discipline et de définir les enjeux futurs. 
L'article qui suit a été présenté au Se congrès tenu du 19 au 21 septembre 1995 à Lyon en 
France. Le thème du congrès était: "La maitrise de la complexité rencontrée dans les 
procédés". L'un des thèmes secondaires était: "Nouvelles techniques pour !'observation de 
la complexité" et c'est sous ce thème que l'article a été proposé. 
Le but visé par cet article est de faire connaître la technique de poursuite d'une particule 
radioactive à la communauté scientifique francophone. L'essentiels des objectifs 
spécifiques visés, des résultats, des anaiyses et la portée de cet article ont été repris dans 
l'article publié dans "International Journal of Applied Radiation and Isotopes" (voir 
chapitre 2). C'est la raison pour laquelle cet article a été mis en annexe. Les résultats y 
sont présentés d'une façon quelque peu différente et pourront éclaircir certains points 
relatifs à la technique de poursuite d'une pariicule radioactive. 
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Résumé 
Récemment, une technique de poursuite d'une panicule radioactive permettact m e  itucie 
hydiodynamique locale a été dévelogpée. Cette technique permet la détermination de la 
position et de la vitesse d'une particule mimant la phase uacée. La résolurion spatiale dc 
la technique a été ~ ~ é e  pour trois radio-isotopes dans un milieu dense et dans un milieu 
dilué. Il est démontré que l'or ( '"~ü) est le meilleur radio-isotope à utiliser dans les deux 
milieux testés. Enfui, un réseau neuronal s'est monîré un moyen efficace pour réduire le 
temps de calcul de la position instantanée de la particule radioactive. A l'aide d'un réseau 
neuronal, la position de la particule est déterminée en un temps largement en deçà de la 
période d'échantillonnage de 10 millisecondes, ce qui pemiet une visualisation en temps réel 
des écoulements rapides. 
1. INTRODUCTION 
Les écoulements polyphasiques sont omniprésents dans les procédés industriels (lits 
fluidisés, colonnes à bulles, réacteurs biologiques, etc.) Malgré leurs vastes applications, 
la conception de ces réacteurs reste encore hasardeuse à cause de la complexité des 
écoulements présents. La maitrise de cette complexité s'intensifie au hir et à mesure que 
l'information sur les stmcmes locales devient disponible. Afin de caractériser localement 
l'écoulement, deux catégories de méthodes retiennent l'attention, les méthodes stnicturales 
et les méthodes dynamiques. Les méthodes structurales permettent de déterminer la densité 
ou la rétention locale de la phase tracée alors que les méthodes dynamiques permettent de 
déterminer le champ de vitesse. L'une des méthodes dynamiques la plus prometteuse est 
la poursuite d'une particule radioactive. Cette technique a l'avantage d'être non-inasive et 
ne perturbe aucunement l'écoulement. Cette technique permet la détexmination de la 
position instantanée (X,Y,Z) d'une particule à l'aide des résultats du comptage de huit 
scintillateurs Na1 (Tl) pendant de courtes périodes d'échantillonnage At. Une fois la 
position instantanée de la particule déterminée (à A t  près), il est possible d'effectuer 
plusieurs analyses. Il est possible de déterminer le champ de vitesse et d'analyser le 
caractère chaotique de l'écoulement (iJ. Cette technique s'est avérée un outil performant 
pour déteminer le champ de vitesse à l'intérieur d'un lit fluidisé tnphasique CI), d'un lit-à- 
jet 0, d'un lit fluidisé liquide-solide (3J et est présentemelit à l'étude pour un lit fluidisé 
circulant. 
Rappelons ici les étapes à suivre 3fm de déteminer la position d'une particule (4). Après 
l'étape de calibration où 3 paramètres sont déterminés, un dictionnaire de 1 9200 positions 
(60 positions axiales, 8 positions radiales et 40 positions aziiiutales) contenant les valeurs 
prédites p o u  chacun des détecteurs est calculé. Une fois ce dictionnaire crgé, la position 
grossière de la panicule est déterminée en minimisant la somme pondérée des carrés des 
différences entre le comptage prédit par le modèle et le comptage exptirimental. A ce stade, 
la position de la particule n'est pas déterminée de façon précise et la recherche des 
coordonnées optimales est poursuivie en faisant l'approximation que les détecteurs sont 
localement ponctuels. Cette recherche à l'intérieur du dictionnaire, combinée à la recherche 
locale, prend plus de temps que la période d'échantillonnage sur une station de uavzil RISC 
6000 (iBM 375). Xi es par conséquent impossible de déterminer la position de la particules 
en temps réel sur un ordinateur personnel d'acquisition de données. 
n. PROEL~MATIOWE 
Jusqu'à maintenant, la technique de poursuite d'une particule radioactive s'est montrée 
efficace lorsque les vitesses de la phase tracée sont inférieures à 2 m/s pour des A t  de 30 
rnillisecondes. Afin d'appliquer la technique à de plus grandes vitesses, par exemple dans 
le cas des lits fluidisés circulants, il faut réduire la période d'éc.htillonnage. En réduisant 
la période d'échantillonnage, le nombre de coups dans les détecteurs diminue, ce qui 
augmente l'incertitude relative et détériore la résolution spatiale. Le problème est donc de 
vérifier s'il est possible, tout en réduisant la période d'échantillonnage, de déterminer Ia 
position de la particule avec une bonne précision. Le premier objectif de ce travail est donc 
d'étendre !'appiicabilite de la technique à des périodes d'échantillonnage de 10 milliseconaes 
(m) i.e. que la position de la particule est déterminée 100 fois par seconde. Cette période 
permet en principe de mesurer des vitesses allant jusqu'à 6 m/s. €rd-in la détermination de 
la position de la particule à l'aide du modèle développé demande un temps de calcul plus 
long que la période d'échantillonnage, ce qui rend impossible la visudisation de la position 
de la particule en temps réel, Le second objectif est donc d'étuaier un moyen de rendre 
possible la visualisation en temps réel en utilisant un réseau neuronal avec rétropropagation. 
m. MODÈLE PHÉNOMÉNOLOGIOUE 
La figure 1 illustre le montage expérimental. Ki s'agit de deux rangées superposées de 4 
détecteurs (7,6cmX7,6cm) disposés à angles droits autour de la colonne. Afin de déterminer 
les paramètres optimaux du modèle, la particule radioactive est placée à 30 endroits 
différents où les impulsions des rayons y sont comptées et enregistrées à toutes les 10 ms 
pendant 10 S. Le nombre de coups enregistré sur 10 s permet de déterminer trois 
paramètres (R, la radioactivité, s, le temps mort et p, le coefficient d'atténuation linéaire 
dans le réacteur) pour chacun des systèmes de détection à l'aide du modèle 
phénoménologique suivant: 
où C(x,y,z) est le nombre de coups enregistrés pendant la période d'échantillonnage At, u 
est le nombre de rayon y émis par désintégration, 4 est le rapport photopic/total et où E est 
l'efficacité totale de détection. Cette dernière est la probabilité que le photon émerge du 
réacteur sans interaction pour interagir avec le détecteur en y déposant au moins une pmie 
de son énergie. L'efficacité totale de détection est donnée par l'équation (2) et est évaluée 
à l'aide d'un calcul Monte-Carlo sur toute la surface du détecteur (a): 
où p, p, et p. sont nspectivemwit les coeficients d'attckuation linéaire du réacteur, de la 
paroi et du scintillateur. De la même façon e,,  e, et e, sont les épaisseurs traversées par le 
photon dans le riacteur, dans la paroi et dans lescintillateur. 
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Figure 1 : Schéma du montage Figure 2: Comparaison des valeurs des coordonnées 
Afin de vérifier l'applicabilité de la technique à des périodes d'échantillonnage de 10 rns, 
six expériences ont été effectuées, trois avec la colonne remplie d'eau f i t  dense) et trois 
avec la colonne vide (lit dilué). Trais radio-isotopes différents ont été testés, le molybdène 
m o ) ,  i'or ('*AU) et le scandium (&SC), émettarit respectivement des rayons y de 140 keV, 
410 keV et 1005 keV. Le choix des radio-isotopes s'est fait de manière à couvrir une 
mgande plage d'énergie des rayons y. Pour une meilleure comparaison, l'activité de chacune 
des sources a été choisie de façon à ce que le nombre total de rayons y émis soit équivalent 
à celui d'une source de 50 pCi de scandium (*Sc). La figure 2 compare quelques valeurs 
instantanées calculées par le modèle (à chaque 10 rns) et les valeurs géométriques des 
coordonnées où la particule est maintenue en place. Quel que soit le radio-isotope utilisé 
et Ia densité du milieu, on constate que les valeurs moyennes des coordonnées X, Y et Z 
ne sont pas significativement différentes. Le modèle prédit des coordonnées non-biaisées 
par rapport aux coordonnées géométriques. 
A h  d'der chercher le plus d'informations sur l'hydrodynamique, il est intéressant de 
connaitre leque1 des radio-isotopes présente la meilleure résolution spatiale. Par exemple, 
pour quantifier le champ de turbulence, il faut diminuer le plus possible les fluctuations 
liées à Ia technique de mesure. Il s'agit donc de trouver lequel des radio-isotopes a les plus 
faibles valeurs d'écarts types o., a, et oz des coordonnées X, Y et Z calculées. Le tableau 
1 présente les valeurs typiques de O,, a, et oz au centre de la colonne. Les valeurs 
expérimentales des écarts types o, sont toujours comparables aux valeurs de o, étant donné 
la symétrie dans l'emplacement des détecteurs autour de la colonne. Comme le montre 
le tableau 1, '"AU est le meilleur radio-isotope dans le milieu dilué, puisque les écarts types 
sont les plus faibles. '*Au est aussi le meilleur radio-isotope dans le milieu dense car il 
présente i'écart type o,,=J(a~ + o l  + cri)  le plus petit. '"AU permet de déreminer la 
position de la particule à 8.8 mm (O,,) près dans le milieu dilué et à 6.5 m n  près dans le 
milieu dense. Il est donc préférable d'uiliser un traceur à base d'or afrn d'améliorer Ia 
résolution spatiale. Il est à noter que les différences entre les radio-isotopes e n  beaucoup 
moindre en milieu dense qu'en milieu dilué. Les écarts types en milieu dense scnt toujours 
plus faibles qu'en milieu dilué. Ceci vient du f i t  que l'atténuation, plus i m p m t e  en 
r i e u  dense, rend le nombre de coups enregistrés plus sensibles a la position, ce qui 
améliore la sensibilité. 
Tablez 1: Valeurs typiques des écarts types de coordonnées calcuiées au centre de la 
colonne. 
Puisque le modèle arrive a localiser correctement la particule dans les deux milieux et pour 
les trois radio-isotopes, il est possible de vérifier si le modèle est capable de prédire les 
fluctuations dans le calcul des coordonnées. il est possible de démontrer que la variance 
0: (et similairement pour a,' et 03 est donné par la relation suivante 0, où N est le 
nombre de détecteurs: 
1 oInCj - = c, -
2 Qr (3) 
0, 
'*AU (milieu dilué) 
*SC (milieu dilué) 
%O (milieu dense) 
'%AU (milieu dense) 
*SC (milieu dense) 
Les valeurs prédites de l'écart type sont généralement en accord avec ceux du modèle 
comme le montre la figure 3. Cest donc dire que le modèle permet non seulement de 
déterminer les coordonnées d'une particule radioactive mais qu'il est aussi capable de prédire 
l'écart type associé aux coordonnées calculées. Les fluctuations dans les positions caIculées 
sont dominées par les fluctuations dans les comptages mesurés qui eux sont liés à la nature 
même du phénomène de désintégration radioactive. Ce résuItat, des plus importants, ouvre 
la voie à plusieurs simulations. En effet, il est possible d'optimiser la position des 
détecteurs a h  de maximiser la résolution spatiale (minimiser l'écart type O,,) à l'intérieur 
d'un volume de mesure. Un autre calcul intéressant pouvant être effectué est d'optimiser, 
pour une radioactivité donnée, la disposition du réseau de détecteurs. Ce calcul est 
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Figure 3: Comparaison des écarts types des positions 
Comme I'ont démontrées les figures 2 et 3, le modèle phénoniénologique est précis et 
permet d'obtenir de bonnes résolutions. Le problème est qu'il requiert des calculs 
complexes nécessitant un temps machine important. Il est donc intéressant de voir 9 
d'aunes avenues permettent de calculer beaucoup plus rapidement les coordonnées X, Y et 
Z directement à partir des comptages des huit détecteurs. Un schéma de régression rnulti- 
variable comme un réseau neuronal peut êbe utilisé pour calculer les coordonnées X,Y, et 
Z de façon beaucoup plus rapide. 
N. R&EAU NEURONAL 
Les résaux neuronaux sont connus pour &e efficaces pour saisir les relations non- 
linéaires existant entre les variables dans les systèmes complexes Co) et (2). En fait, un 
réseau neuronal peut être vu comme un modèle de régression non-linéaires 2 plusieurs 
paramètres liant les variables d'entrées aux variables de sorties. Plusieurs applications de 
ces réseaux ont été rapportées, principalement dans le domaine de la modélisation et du 
contrôle des procédés de même qu'en analyse de défaillance. Pour plus de renseignements 
sur les réseaux neuronaux, les lecteurs sont référés aux ouvrages (8) et (9). La figure 4 
illustre le réseau neuronal utilisé. La première colonne est la couche d'en~ée et elle est 
constituée des réponses normalisées des huit détecteurs. La dernière colonne est la sortie 
n o d i s é e  des coordonnées. La normalisation des variables a pour but de ramener Ia plage 
de variation de toutes les variables entre -1 et +1 ou O et + 1 dépendamment de la variable. 
La colonne centrale est la couche cachée du réseau et comprend M noeuds. Les auteun (10) 
et (ilJ ont démontré qu'un réseau neuronal est capable d'approximer n'importe quelle 
fonction ptmu que le nombre de noeuds cachés (M) soit élevé. Le nombre 
de noeuds cachés doit être déterminé expérimentalement par essais et erreurs et augmente 
avec la complexité du système. Les relations liant les variables sont les suivantes: 
La valeur des variables U, et HM est fix& à 1 et sont connues sous le nom de variables de 
biais. Ainsi un réseau neuronal a 14 noeuds cachés a été utilisé. La détennination aes 159 
paramètres du réseau, connu comme étant l'apprentissage du réseau, nécessite beaucoup de 
données. ïi est évidemment beaucoup trop fastidieux de générer expérimentalement toutes 
les données nécessaires à la détermination des paramètres du réseau. Les données contenues 
dans le dictionnaire scnt donc utilisées pour déterminer les paramètres du riseau. Ainsi 
12250 données ont eté selectionnéiis parmi les 19200 contenues dans le dictionnaire afin de 
déterminer les 159 paramètres. Les quelques 'fûûû données ristantes sonr utilisées pour 
tester la validité du réseau neuronal- Les paramètres sont déterminés par régression 2on- 
linéaire à l'aide de la méthode de Marquardt C-). Le réseau neuronal remplace la partie 
recherche de la position. Les coordonnées de la particu!? sont déterminés en 0.16 ms sur 
une station de travaii RISC 6000 (IBM 375j, ce qui est environ 500 fois plus rapide qu'avez 
la résolution phénornénologique. Avec le réseau neuronal, un ordinateur personnel 80456 
(66 MHz) détexmine les coordonnées en 0.5 ms, ce qui pemet la visualisation des 
écoulements en temps réel. Ii est à noter que le modèle phénoménologique est ïoujours 
utilisé afin de détenniner les paramèties optimaux et de gériérer le dictionnaire des 
comptages. La figure 5 compare les coordonnées Y et Z obtenues à l'aide du modéle 
phénornénologique seul et du réseau neurond pour un lit tluidisé triphasique. On ne peut 
faire la distinction entre les valeurs obtenues des deux façons sauf dans la partie du bas du 
réacteur ou l'écart est de moins de 14 mm. 
time (s) 
I 
Figure 5: Comparaison des coordonnées calculées par le modèle phénoménologique (I) et 
par le réseau neuronal 0- 
V. CONCLUSION 
Il a été démontré qu'il est possible de déterminer la position d'une particule radioactive à 
une fréquence de IO0 Hz. Afm de réduire l'écart type dans les positions calculées. il est 
préférable d'utiliser l'or ('"AU) tant en lit dense qu'en Lit dilué. ii a également été montré 
qce le modèle phénoménologique est capable d'estimer les écarts types des cwrdoimées de 
la particule radioactive. Enfin, l'utilisation d'un réseau ncuronal permet le calciil de la 
position de la panicule en LUI temps largement en deça de la périmk d'échantillonnage, ce 
qui ouvre désom~ais la voie à des exptiriences où 13 p i t i o n  sen calculée en temps réel. 
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Annexe 111 Détails du montage expérimental 
La conception de montage expérimental représente une contribution originale au projet d'étude. 
Pour cette ce dernier est présenté plus en détail ici que dans les micles des chapitres 3 et 
4. 
A3.1 Réalisation du montage 
Cette section cherche à établir brièvement quelles ont été les contributions apportées dans la 
première phase du projet- la réalisation du montage expérimental. La première tâche de mon 
doctorat tût de construire un lit fluidisé circulant. Je me suis donc occupé de la conception et la 
construction d'un lit fluidisé circulant d'une hauteur de 7 m et d'un diamètre inteme de 8.2 cm. 
Le schéma de montage est présenté à la Figure A3.1. C e  réacteur met en contact un gaz (de 
kir)  et des particules de sables (d,,=150 pm). Le gaz passe une seule fois dans la colonne de 
réaction. II est alimenté au bas du lit, juste audessus d'un distributeur (plaque perforée). Il 
transporte. jusqu'aux cyclones. la particules introduites dans le lit à l'aide de 4 orifices placés 
juste au dessus du distniuteur. Les cyclones séparent le mélange gaz-solides. Les solides sont 
réintroduits dans le bas du lit. Les sdides sont toujours en train de circuler en boucle femée 
(d'où le nom de lit fluidisé circulant). La Figure A3.2 présente schématiquement la tuvauterie 
du lit fluidisé circulant Deux rotarnètres (R1 et FE) mesurent le débit d'air fluidisant. L'un 
mesure I'air primaire qui est alimenté avec le gaz naturel à la tête du briileur. L'autre mesure 
l'air secondaire qui est alimenté dans une chambre de mélange. connexe au b d e u r .  Les 
équations de calibration de ces rotamètres sont inscrites 'à l'arrière de ces rotarnètres. Enfin, 3 
rotarnètres (R3, R4. R5) permettent l'aiimentation étagée de l'air dans la partie cylindrique de 
retour des particules au bas du lit. Le débit d'air alimenté dans cette partie est directement 
proportionnel au taux de ciradation de solides. Ainsi. le débit d'air ternaire contrôle le taux de 
circulation des dides .  Le débit d'air à ajouter pour l'obtention d'un certain taux de circulation 
dépend entre autres de la vitesse superficielie du gaz. tes courbes de dibration des rotamètres 
R3, R4 et R5 sont présentées à l'annexe IV. 
L'originalité de ce nouveau design de lit est la façon dont les solides sont introduits dans la 
colonne de réaction (Figure Am.3). Des résultats préliminaires obtenus à 12Tniversité de 
Calgary nous indiquaient qu'il était possible d'obtenir de très hauts taux de circulation de solides 
(-400 kg/m2.s pour une vitesse superficielle de gaz de 6 mls) .  De telles conditions 
opératoires sont trés intéressantes. Elles se rapprochent des conditions opératoires des lits 
thiidisés circulants utilisés comme réacteus catalytiques pour lesquels peu de données sont 
disponibles dans la littérature. De plus, le iit est équipé d'un bnileur au gaz naturel permettant 
de chauffer fiacilement le gaz jusqu'à 200 OC. Très peu de groupes de recherche ont la 
possibilité d'éhidier l'hydrodynamique a chaud. Ce montage expérimental peut facilement être 
modifié pour des recherches fuhires. 
Pour Irulstant, seulement des expériences à fioid de poursuites d'une partiale radioactive ont 
été conduites. La raison en est simple, nous n'avons pas encore de traceur radioactif résistant a 
haute température. Une brève description de la procédure à suivre pour efféctuer une 
expérience de poursuite d'une pariiu.de radioactive est annexée au présent doaiment (annexe 
w 
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Figure AIIL 1 Schéma b mon- 
Figure AItI.2 Schéma de ia tuyauterie 
Figure A m . 3  Schéma du bas du lit 
Annexe IV Courbes de calibration des rotamètres R3, R4 et RS, 
Les courbes de calibration des rotamètres R3, R4 et RS sont présentées aux Figures 
AIV. 1. AIV.2 et AIV.3. La pression jauge dans les rotamètres est constante et égale a 
300 kPa. Le débit volumique d'air est mesure une température de 24 O C  et une pression 
absolue de 749 mmHg. 
Courbe de calibration du rotamétre No. série CO0154468 
O 20 40 60 80 100 120 140 160 180 200 220 
Position de Ia flotte 
Figure AN.  1 Courbe de calibration du rotamètre R3 (P-300 kPa) 
Courbe de calibration du rotamètre No. série 061669 
O 20 40 60 80 100 120 140 
Position de la flotte 
Figure AIV.2 Courbe de calibration du rotamètre R4 (P=3ûû kPa) 
Courbe de calibration du rotamètre No. série 055455 
O 20 40 60 80 1 O0 120 140 
Position de la flotte 
Figure AIV.3  Courbe de caiibration du rotamètre R5 Cp=3ûû kPa) 
Annexe V Courbe de calibntion du capteur différentiel de pression 
La courbe de calibration du capteur différentiel de pression utilisé pour la mesure de la 
perte de charge est présenté à la Figure AV. 1 .  La réponse du capteur de pression varie de 
-2.5 V à +2.5 V. Le voltage est mesuré à l'aide d'un micro-ordinateur d'acquisition des 
données. Le capteur de pression permet la mesure de la perte de charge comprise entre - 
60 et +60 cmH20. 
1 
fichier: prescali xls 
Pression rnesurée[cm H,o]= 19.8604*voltage[~]-1.337 
Figure AV. 1 Courbe de calibration du capteur différentiel de pression pour la mesure de la 
perte de charge axiale. 
Annexe M: Procédure expénmentsle 
Pour réaliser une expérience de poursuite dbne parùcule radioactive. il faut préparer une 
partiale (mélange or-résine époxy 4=5W pm, 6=2000 kg/m3) et l'activer pendant environ 32 
heures dans le réacteur "Slowpd<en du département de génie énergétique. Ensuite. il faut 
effêctuer une calibration. Dans un premier temps, les gains de chacun des détecteurs sont 
ajustés à Paide d'un analyseur de spectre afin de s'assurer du bon fonctionnement de chacun des 
détecteurs. Par la suite, il faut générer des comptages expérimentaux qui permettront d'ajuster 
les paramètres du modèle phenornénologique reliant le comptage des détecteurs à la position de 
la particule. La caiibration du modèle phénoménologique pemettra par la suite de déterminer 
la position instantanée de la partiaile connaissant le comptage instantané de chacun des 
détecteun. Cette opération doit s ieEier  dans des conditions aussi proches que possible de 
celles où la poursuite aura lieu. Il s'agit de positionner la particule à 90 endroits différents dans 
le lit et à en mesurer le comptage pendant 10 s de façon à avoir un comptage moyen de faible 
incertitude. La comparaison des comptages prédits par le modèle et des comptages mesurés 
expérimentalement permet l'optimisation, pour chaain des détecteurs, des paramètres du 
modèle. Comme la densité à fintérieur du lit est faible (hc 100 kg/m3). l'atténuation est faile 
et ce paramètre n'est pas optimisé. On peut facilement montrer que la sensibilité du modèle à 
une variation de l'atténuation est tàible. Les 2 paramètres à être optimisés sont: i'activité et le 
temps mort. L'optimisation utilise l'algorithme du simplex (Press et coll. 1988) pour la 
dét-nation des paramètres optimauxtimaux L' ctivité optimale est proche de l'activité réelle (+- 
10%) qui peut être m a r k  avec précision au laboratoire de génie énergétique (= 100 pCi) Le 
temps mort des détecteurs est d'environ 9 p. 
Une fois la dibration teminée, il faut introduire la partiaile dans le réadeur. Cette opération 
est un peu plus compliquée qu'on pourrait le croire; il fiut se rappeler que le diamètre de la 
particule n'est que de 500 pm et que la manipulation est délicate. Ensuite, il ne reste qu'à fixer 
les débits d'air pour obtenir la vitesse superficielle et le taux de circulation de solides désiré. 
Après une quinzaine de minutes, I'écouiement est en régime permanent et le système 
d'acquisition est démané. 
Annexe W7 Caractérisation de la tailk des particules de sable 
Deux expériences de tamisage ont permis de déterminer le diamètre moyen des part ides  
utilisées dans les expériences dans le lit fluidisé circulant. Le diamètre moyen des particules est 
de 150 p. 
Tableau AMI. 1 Résultats du tamisage 
Tamis masse vide (g) tamis+sable (g) mi (g) 
63 Clm 29 1 .O 3 14.6 23 -6 
vide 403.4 456.8 53 -4 
L'équation permettant de a i d e r  le diamètre moyen des particules est la suivante : 
Le diamètre moyen des partides déterminé par la première expérience de tamisage est de 145 
Tableau AVII. 2 Résultats du tamisage (essai répété) 
Tamis masse vide tamis+sable (g) mi (g) 
(g) 
250 pm 300.2 682.8 382.6 
vide 403 -4 461.6 58.2 
Le diamètre moyen des partides déterminé par la dewcième expérience de tamisage est de 155 
pm. Conclusion: Les expériences de tamisage démontrent que le diamètre moyen des 
particules est de 150 mim. 
Les pages qui suivent doment plus de détails sur la détermination du diamètre moyen des 
partides à partir d'une expérience de tamisage. De Finfionnation est également foumie sur les 
diamètres d'ouverture des tamis et sur te fournisseur du sable. 
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